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ABSTRACT 
The enthalpy of transfer ＨｾｾＩ＠ of uranyl nitrate hexahydrate from 
0.492 M nitric acid .and 0.5 M tri-n-butyl phosphate (TBP) in cyclohexane 
solutions has been measured by (i) direct calorimetric, and (ii) 
temperature coefficient methods. The present work applies the 
calorimetric measurements to aqueous and organic phases separately, in 
order to obtain ｬｩｬｬｾ＠ (uranyl nitrate hexahydrate) from an aqueous to an 
organic phase. 
In the calorimetric method the aqueous phase contained nitric 
acid and was presaturated with the organic phase, and the organic 
phase had itself the composition derived from presaturation with 
aqueous nitric acid in order that conditions for the determination of 
ｭｾ＠ should be those prevailing in determinations by the temperature 
coefficient method. ｾＱ･＠ composition of presaturated aqueous and 
organic phases has been obtained by analytical measurements. The 
standard state was that of infinite dilution of uranyl nitrate in the 
specified aqueous phase and infinite dilution of uranyl nitrate in 
the specified organic phase. 
In order to obtain ｾｾ＠ by the ｴ･ｭｰ･ｲ｡ｴｾｲ･＠ coefficient method, 
· the variation of the distribution coefficient of uranyl nitrate 
hexahydrate in the nitric acid-TBP system, as a function of temperature 
(25-60°C) has been studied employing cyclohexane as a diluent, at four 
concentrations of TBP (0.25, 0.50, 0.75 and 1.00 mol ｾＭ Ｑ Ｉ＠ and at four 
concentrations of aqueous nitric acid (0.492, 1.5, 2.5 and 4.0 mol t- 1). 
All the data obtained showed ｾＱ｡ｴ＠ the extraction of U(V1) from nitric 
acid into TBP-cyclohexane is exothermic in nature . 
._ _________________________ ___;;_ ___ _..:.._ __ ＧＭＭＭＭＭＭＭＧＭＭＭｾ Ｍ Ｍ -···-··-· · -· - - . 
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The thermodynamic functions for the extraction reaction: 
U02+ + 2NO; + 2TBP ｾ＠ U02(NOs)2(TBP)2 2 aq aq org (1) 
have been calculated. 
Thennodynamic functions (at 298 K) for the extraction reaction (1): 
Phase: Organic (0.5 M TBP); Aqueous (0.492 M HNOs) 
Direct calorimetry 
Temperature coefficient 
-1 kcal mol 
-3.7 ± 0.5 
-4.6 ± 0.3 
-1 kcal mol 
-1.81 
-1.81 
-6.34 
-9.26 
0 It is clearly seen from the data in the table that the ｾｴ＠ values are 
similar, within the ･ｾＮＧｰ･ｲｩｭ･ｮｴ｡ｬ＠ error. 
Variation of the heat of solution of U02 (N0 3) 2 6H 20 at different 
concentrations in different concentrations of nitric acid has also been 
measured, and the percentage of nitrate complex U02NO; at different 
nitric acid concentrations has been calculated. The standard heat of 
solution of U0 2 (N0 3) 2 6H 20 in water has been calculated 
0 -1 (M-Is = 4995 ± 80 cal mol ) from these measurements. 
A critical evaluation of thermodynamic quantities in this and 
closely related systems is offered. 
I 
I 
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CHAPTER 1: INTRODUCTION 
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1.1 Solvent extraction 
Solvent or liquid-liquid extraction is perhaps the most versatile 
of all analytical teclmiques, in that it has an extremely wide range 
of applications and invokes most of ｾＱ･＠ physical Chemical principles 
used generally in analytical Chemistry. The current literature is 
reviewed by Preiser every two years. 1 The Russi em work, which is less 
accessible, has been reviewed by Kuznetsov2 and by Fomin. 3 TI1e 
reviews by Irving, 4 Irving and Williams, 5, Martin and Holt, 6 1v1arcus, 7 
and Diamond and Tuck8 are also useful. .Among the books in this field 
mention should be made of those by Alders9 in 1955, MOrrison and 
Freiser10 in 1957, De11 in 1961, Stary12 in 1964, Marcus and Kertes13 
in 1969, De, ｾＱｯｰｫ｡ｲ＠ and Chalmers14 in 1970, and S Ahrland, 
15 16 17 J 0 Liljenzin and J Rydberg in 1975. Conference reports ' are 
also of help. In analytical cllemistry, solvent extraction has come to 
the forefront in recent years as a popular separation teChnique 
because of its elegance, simplicity, speed and applicability to both 
tracer and macTo amounts of metal ions. There is increased interest 
also in the extraction of metals from low grade ores. The vast 
majority of extraction systems are those in which one phase is an 
aqueous solution and the other an organic solvent known as the 
extractant, the latter in many cases diluted with an inert organic 
liquid, usually known as the diluent. The two liquid phases are 
generally in contact, hence they should be reasonably immiscible. 
However, studies have been made of systems in which one phase is a 
liquid metal or a non-aqueous inorganic liquid. Solvent extraction is 
also used to investigate the species found in the two phases. The 
distribution ratio D of the solute (usually metal ions or metal 
complexes in the aqueous phase) is measured as a function of 
. .. . .. . ---·--- ------- --------------- -----------------------, 
13 
concentration of the metal ion or of the extractant. Temperature 
dependence studies are also reported. The wide field of solvent 
extraction has several unifying principles, which should be considered 
before a detailed study of specific extraction is made. 
It is in order to start with Section 1. 2, which deals with the 
extraction processes in general terms. It is shown that Nernst's 
distribution law is a very useful guide to the behaviour of 
distribution systern6, and also general aspects of metal extraction 
are discussed. Section 1.3 discusses the classification of 
distribution systems, with specific reference to the actinide ions. 
The section is concluded by discussion of synergistic extraction. 
Section 1.4 discussed uranium extraction by phosphoryl extractants 
from nitric acid solution and the quantitative treatment of 
distribution coefficient data. The distribution coefficient is related 
to the important solution variables such as solute, nitric acid and 
extractant reagent concentrations. Distribution studies have been 
carried out for each component in the above system. Determination of 
the thennodynamic flll1ctions of uranium extraction by tri-n-butyl 
phosphate (TBP) is discussed in Section 1. 5. The present status of 
the two main methods (temperature coefficient method and calorimetric 
. method) is described. 
1.2 Extraction processes in general terms 
1.2.1 Extraction equilibria 
Solvent extraction is essentially based on tl1e principle that a 
substance will distribute itself bet\veen 't\\ro immiscible liquids in a 
14 
way which depends upon the nature of all components in the system. 
The simplest form of distribution law is that of Berthelot18 (1872) ; 
it states that when a third substance is present in a system of two 
immiscible liquids it distributes between them in a definite ma:rmer 
according to the equation 
c 
x,org 
c 
x,aq 
(1) 
where Cx refers to the concentration of all species of X in the phase 
indicated. Dx is the measured distribution ratio of the distribuend. 
Nernst19 modified the relationship to take account of association or 
dissociation within either or both phases by stating that the law 
only applies to species common to both phases. Thus, 
[XJ org 
[X] aq 
where 'org' and 'aq' refer to the organic and aqueous phases 
respectively. Nernst proved his equation to be valid for the 
extraction of a number of organic acids, which either dimerized in 
the organic phase and/or dissociated in the aqueous phase. The 
Nernst distribution law can be derived from thermodynamic 
(2) 
. d . . h f 20 A ·1· b . h cons1 erat1ons us1ng t e ree energy concept. t equ1 1 r1um, t e 
chemical potential llx of a solute X must be the same in both phases 
of a two-phase liquid-liquid system. 
llx(aq) = (3) 
because, applying 
( 4) 
ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭｾＭＭＭＭＭＭＭＭ ＭＭＭＭＭ -- - _! 
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to each phase, one obtains 
0 
= ｾｸ＠ (org) + RTLnax(org) 
where the reference standard states ｾ＠ 0 are different in the ｵｾｯ＠
X 
phases, and ax is the chemical activity of X, defined by 
where f is the activity coefficient. Simplifying eqn (5) and 
introducing eqn (6) gives 
= 
The Kd * value depends on the choice of standard states, and can be 
given any constant value, in principle. Of practical importance, 
however, is the relation between Kd* and the colTllllonly measured 
(concentration) distribution constant Kd, 
as obtained through the relation ( 6) , ( 7) and 
[XJ org 
[X]aq 
(5) 
(7) 
(9) 
TI1is quantity is independent of the concentration of the solute 
only in the ideal case of complete immiscibility of the phases and 
non-existence of either interactions between the solute and the 
solvent or dissociation or association reactions. It is ｾＱ･ｮ＠ called 
the thermodynamic partition constant. It is equal to the ratio of 
. j 
· ·-·· - · ·-· ... -- - - -- ·- · ····- ··- - ------ --- - - , 
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solubilities of the solute in the two phases, provided that the 
reactions enumerated above do not occur at the saturation point. 
Some systems, however, do approach this behaviour, and isotherms, 
i.e. plots of the concentration in the organic phase against the 
concentration in the aqueous phase, may have a linear portion near 
zero concentration; the slope is the distribution coefficient. At 
higher concentrations, interactions with the organic solvent occur and 
it may become -saturated with the isothenn flattening out. In such 
cases, the distribution coefficients may depend on the relative 
volumes of the phases. TI1is may be avoided by working at very low 
concentrations of the solute, e.g. with radioactive tracers, although 
difficulties may occur because of adsorption on walls of vessels or 
reactions with impurities. 
Generally, however, distribution coefficients are independent of 
the volume ratios. In the general case, the distribution coefficients 
depend on the concentration of the distributing solute and on ti1e 
composition of the phases. Changes in distribution coefficients are 
due on the one hand to chemical reactions involving the solute, and 
on the other to non-specific interactions with the solvents or other 
solutes. Tile d1emical reactions can be described in terms of the 
stoichiometry and equilibrium constants involved and obey the mass 
action law. Often they are sufficient to describe the gross behaviour 
of the distribution coefficients. However, non-stoichiometric effects 
of other solutes generally considered as salting-in or -out, and 
effects of solvent interactions, usually considered as non-ideality 
and described in terms of activity coefficients, play a major role and 
can obscure the simple picture of dependency on the stoichiometric 
effects. 7 
L....--------------------------------------- -- ... ··-
... - -·-- ···· - --·- ·· --· -- - - -··· .. ---·· -- · --- ---- - -------, 
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4 5 . 21 22 23 24 Irving and Williams, ' Dyrssen and S1llen ' Rydberg, ' 
Nbrrison and Freiser,10 Stary, 25 Diamond and Tuck, 8 Ringbom, 26 and 
ｾｾｲ｣ｵｳＬ Ｗ＠ have provided treatments of extraction equilibria of various 
systems. Irving, Rossotti ru1d Williams 27 ·have developed a general 
treatment for extraction equilibria as follows (charges are omitted 
for clarity) . In a system consisting of an aqueous phase of constant 
ionic strength containing metal ions, M, hydrogen ions, H, and ligand 
anions, L, which is saturated with an organic sol vent, S, the general 
formula HJ1mLl ＨｈＲＰ｜ｾｓｳ＠ can be used to describe types of complex 
species. Stoichiometric equilibrium constants and distribution 
coefficients are defined by 
shmlws = 
and 
[HhMmLl (H20)wSs] org 
｛ｈｨｾｌｬ＠ (H20)wSs] aq 
respectively, ｾｮ･ｲ･＠ subscripts 'org' and 'aq' refer to the organic 
(10) 
(11) 
and aqueous phases respectively. TI1e distribution ratio is then given 
. by 
r [MJ org Lm[HhM L1 (H20) S) D = = m w s org (12) 
L: [M] aq ｌｦｦｩ｛ｈｨｾｌ Ｑ ＨｈＲＰＩｷｓｳ｝｡ｱ＠
2:Dhnu_ws8hmlwsm[H]h[M]m[L)l[H20]w[S]s 
= 
L:Shmlwsm [H] h [M] m[L] 1 [H20] w [S] s 
Taking ｬｯｧ｡ｲｩｴｾ＠ and partially differentiating the above expression 
gives the following equations: 
(13) 
18 
(
o log D ] 
o log [M] [HJ ' [L] ' [H20] ' [S] 
(14) 
(0 log D ) - h - n; fi = m (15) 
0 log [H) [M) , [L] , [H20J , [S] org org 
aq aq 
and 
(0 log D ] n; I -ill i = (16) 
0 log [L] [M] , [H] , [H20J , [S] org org aq aq 
where m, h and 1 are the average numbers of metal' hydrogen and ligand 
atoms respectively in the complex. Hence the experimentally observed 
variation of D with [H), (M] and [1] gives evidence as to the nature 
of the extracted species. For example, if Log Dis plotted against 
Log [H) a positive slope would indicate that the species extracted 
contains more hydrogen atoms per molecule than the aqueous ph·ase 
metallic species. 
In systems containing organophosphorus esters such as tri-n-
. 14 butylphosphate, 1t has been established that the extraction of metals 
is generally represented by the reaction from nitrate media 
in which (W- sx)H20, sS(H20) and M(N0 3) 0 (H20) S are the aqueous-x 7v W S 
phase water molecules transferred from the aqueous to the organic 
phase, hydrated extracting agent (e.g. TBP), and extracted metal 
complex or ion-pair respectively . 
..... ------------------------------------···· - . ... 
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The distribution ratio is given by 
D = 
[M(N03) o (H20) S J 
N w s org (18) 
[M] [NO ] ｾ＠ [S (H 0) ] s [H 0] (w-sx) 
aq 3 aq 2 x aq 2 
provided the diluent is inert. Since the activity coefficients are 
usually not known, concentrations or mole fractions are used. The 
most convenient way of determining S, the number of extracting agent 
molecules associated with the metal nitrate, is to vary the 
concentration of the extracting agent by diluting it with an inert 
solvent, e.g. benzene, hexane, kerosene or carbon tetrachloride. The 
slope of the plot of the logarithm of concentration or mole fraction 
of the extracted complex against the logarithm of concentration of 
the metal nitrate should give a straight line of slope S (if the 
activity coefficients are not too different from unity). This can 
also be deduced from Eqn (13) by putting h = h = 0, taking 
org aq 
logarithms and then partially differentiating: 
[
o log D ] 
o log [S] [M] , [L] ' [H20] 
-
= s 
org 
-s 
aq (19) 
where sorg and saq are the average solvation numbers (1¥ith respect to 
. S) of the complexes in the organic and aqueous phases respectively. 
Since saq = 0, the slope of the plot of log D against log [S] gives 
the average number of sol vent molecules per molecule of extracted salt. 
2.8 
Siddall suggested tl1at the solvation number can be obtained 
from plots of log D against log Cs (total extractant concentration), 
provided that the ratio of the concentrations of unbound extractant 
and total extractant is constant. As far as the extraction of a 
mineral acid is concerned, the condition can be fulfilled if the ratio 
20 
of the total acid concentration in the organic phase, [H] , to the 
org 
total concentration of extractant, Cs is constant. 
org 
1.2.2 General aspects of metal extraction 
Metal ions are characterized by their ionic charge Z+ and 
maximum inner coordination number, N. In an aqueous phase a metal 
ion in the absence of ligands (L) will be present as 
z+ {(N(H20)N) (H20)p}; N water molecules fonn the primary coordination 
shell but further sol vent molecules, (H 20) , will surronnd the p 
hydrated metal ion. Such ions will always be more stable in an aqueous 
phase than any organic solvent. It will be assumed that the primary 
coordination shell is always saturated. This is ex--pected because the 
actinide ions and metal ions in general can act as acceptors for Lewis 
bases (electron pair donors). Sud1 bases are always present in solvent 
- - 2-
extraction systems, either as inorganic anions, e.g. Ci , N03, S04 , 
or as uncharged inorganic or organic species, notably the oxo-compounds. 
(see Table 1.1) . TI1e coordination numbers of the actinide ions 
with respect to oxygen are probably 7-9 for the trivalent state, 8 for 
the tetravalent ' state and 4-6 for the penta- and hexavalent states in 
n+ ti1e -yl groups, ｛ｾｖ Ｒ ｝＠ , n = 1 or 2. The hydrated metal ions always 
. prefer the aqueous phase to the organic, because of hydrogen bonding 
and dipole interactions in the aqueous phase. In order to extract 
the metal ion into an organic phase three requirements are necessary; 
first, neutralization of the positive cl1arge Z+, secondly, removal of 
most (or preferably, all) of the coordinated water molecules; and 
thirdly, production of a new metal complex which is more stable in ti1e 
non-aqueous (organic) phase. 
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TABLE 1.1 Basicity (electron-pair donating tendency) of some ions 
* and molecules (R is an alkyl or aryl group) 
Basicity of some common anions relative to the actinide cations 
ｃＮｒＭＰｾ＠ < I < Br- < C.R.- < No;· < SCN- < acetate < F-
Basicity of some organic molecules 
Phosphoryls 
Arsenyls 
Oxo-compounds Carbonyls 
Sulphuryls 
Nitrosyls 
a b c d (R0)3PO < R'(R0) 2PO < Ri(RO)PO < ｒｾｐｏ＠
R3AsOe 
f RCHO < ｒＲｃｏＨｾ＠ R20 < ROH < H20) 
g h i j (RO) 2S02 < R2S02 < (RO) 2·so ｾ＠ R2SO 
RN0 2k< RN01:_ 
Substitutions causing basicity decrease of oxo-compound 
(a-I3) 2CH- < G-Ig (D-12) - < 013- < GI30- < CiGI2-
n 
a - Tri-R phosphate; b - Di-R-R' phosphonate; c - R-diR' phos-
phinate; d - Tri-R' phosphine oxide; e - Arsine oxide; 
f- Ether and hydroxo-compounds; g - Sulphates; h - Sulphones; 
i - Sul phi ·tes ; j - Sulphoxides; k - Nitro compounds; 
1 Nitroso compounds 
* Table taken from Ref. 15. 
1.3 Classification of extraction systems 
This discussion is of specific reference to the actinide ions. 
Various classifications of sol vent extraction systems have been 
made, but the simplest one is developed by dividing the systems into 
three main groups: extraction by solvation (neutral organic molecules), 
extraction by compound formation (poly-dentate organic anions),13 , 29 
22 
and extraction by ion-pair formation (large organic cations). Each 
extractant will be discussed with respect to their general properties 
and then in more detail for uranyl ion Ｈｕｏｾ＠ +) extractions. The 
. 30-32 physical chemistry of solvent extraction has recently been reviewed, 
d . . th . ul f . . d . 29 '33 an 1n some cases w1 partie ar re erence to actLnl e extraction. 
Some common organic diluents and reagents used for the extraction 
of metal complexes are listed in Table 1.2. TI1ey all have a low 
solubility in -water; the low polar (low dipole moment and low 
dielectric strength) solvents, which do not contain oxygen atoms, 
which may fonn hydrogen bonds with water, have the lowest solubility, 
and also dissolve less water than the other solvents and are useful 
only as dilutents \-.rith actinide species. For similar extracting 
solvents, like diethylether and di-i-propyl ether, the one with the 
higher molecular weight usually has the lower solubility in water, and 
also dissolves less water. This size effect is probably related to 
hydrophobic bonding,34 ＱｾＱｩ｣ｨ＠ is a structuring of water molecules 
arow1d organic hydrocarbon ｭｯｬ･｣ｾｬ･ｳ＠ because of H20-H20 interactions 
and H2 0-hydrocarbon non-interactions. This lowers b.S, and thus 
requires energy (b.G > O) . Consequently, hydrophobic bonding opposes 
the dissolution of large orgrulic molecules more than the dissolution 
·of small organic molecules. 
1.3.1 Extraction by solvation (neutral extractants) 
Inorganic species can be strongly solvated by coordination with, 
for example, oxygen-bearing sol vent molecules, giving rise to 
extraction by solvation. The oxygen-containing solvents fall into 
two broad categories:· (i) carbon bonded solvents (carboxo-cornpounds) 
such as alkyl ethers, polyethers, ketones and esters, and 
*
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(ii) phosphorus bonded oxygen donor extractants (phosphoryl compounds), 
such as alkyl or aryl derivatives of phosphoryl containing acids. 
There are strong attractive forces between solvent and solute in the 
organic phase. Inorganic species are sol v·ated by coordination of 
ｯｾｾｧ･ｮＭ｢･｡ｲｩｮｧ＠ solvent molecules to the central atom. TI1e electro-
negativity of the extractant affects the extractability of :inorganic 
species. Both inorganic and organic acids, for exrunple, are easily 
extractable by strongly basic amines, ＱｾＱ･ｲ･｡ｳ＠ they are less readily 
· spho 
extracted by ｯｲｧ｡ｮｯｰｨｾｲｹｬ＠ compounds, and only moderately extractable 
by the even less basic compotmds such as ethers and ketones. TI1ese 
differences between the extractive efficiency of the various solvent 
groups are the expected result of the competition between water, 
solvent and the anion for the available proton, or more generally, for 
the available coordinating positions around ti1e metal ion. 
Several features emphasize the difference between ethers, ketones 
and other oxygenated solvents (class (i)), and the neutral organa-
phosphorus esters (class (ii)). It is the strongly polar d1aracter of 
the latter whid1 is responsible for the differences. In organophosphoryl 
ester-containing systems, water is frequently eliminated from the 
organic phase metal complex, whereas in eti1ers and ketones water is a 
. necessary part of the complex, usually acting as a bond between the 
solvent and salt molecules. For example, uranyl nitrate is transferred 
in to dibutyl carbi tol (DBC) along with four water molecules, whereas the 
salt alone will go into tributyl phosphate (TBP). Comparison of the 
thennodynamic data for the extraction of the salt by these uvo sol vents 
shows their very different extracting power. ｾ｢ｲ･ｯｶ･ｲＬ＠ the uranyl 
nitrate complex isolated from TBP has the composition U02 (N0 3) 2 2TBP, 
whereas that from a DBC solution in carbon tetrachloride has the formula 
25 
very tenaciously and cannot be removed without destroying the complex. 
Another dominant role is played by the extent of solvation of the 
extracted species, which is, again, different for the two classes of 
solvents. A large number of phosphoryl extractants have been 
di d35-37,13 d . h" 1 . . f tl stu e , an ow1ng to a 1g 1 extract1 ve capac1 ty o 1e 
phosphoryl extractants, their solutions may be rendered almost ideal 
when brought to high dilution by an 'inert' sol vent. This enables such 
systems to be handled mathematically, in contrast to systems where 
class (i) extractants are employed. Historically, the neutral 
I 
extractants have played a fundamental role in the solvent extraction of 
actinides. TI1us uranium for the nuclear industry was first purified by 
extracting uranyl nitrate with diethyl ether or dibutyl carbitol 
(S,B'-dibutOX)' diethyl ether) and later by TBP dissolved in hexane. 38 
After the discontinuation of the precipitation process for nuclear fuel 
processing, 39 solvent extraction from nitric acid-nitrate salt 
solutions has been extensively used: the Redox process using meiliyl-
isobutyl ketone Ｈｾｉｔｂｋ＠ or hexane) in the United States, 40 and ti1e Butex 
process using dibutyl carbitol in Great Britain. 41 These extractants 
are nm ... ｾ＠ replaced by TBP dissolved in kerosene. 42 
The actinides are usually extracted as coordinatively saturated 
neutral compounds ML B where Z + P = N (maximum coordination number N, 
z p 
and B (neutral extractant). Even though definitive stoichiometric 
compotmds have been found with some ligands (L) as for example No; 
and TBP43- 45 (see Table 1. 3) , the fact that some ligands like No; may 
coordinate as a mono- or hi-dentate anion makes it difficult to use 
ti1e rule Z + P = N to.predict the composition of the extracted .complex; 
steric factors may lower the value P = N - Z. With the carboxy 
-- --- ＭＭ Ｍ Ｍ ＭＭＭ ＭＭＭＭ ＭＭＭＭＭＭＭＭＭＭ Ｍｾ＠
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extractants the aqueous metal complex often carries some water into 
the organic phase. Although it is not always certain, some of this 
water may, together with the solvent molecules, solvate the metal in 
. . 13 
the organ1c phase. :Much careful work is necessary to establish the 
true composition of the complex (or complexes) in the organic phase. 
A number of examples of actinide extraction systems have been 
collected (see Table 1.4). In general, the extraction efficiency for 
actinides increases with extractant basicity, and is thus higher for 
the phosphoryl compounds than for the other oxygen donor molecules . 
The extracting power of phosphoryl compounds is illustrated for 
uranyl nitrate in Fig. 1.1. TI1e extracting power follows approximately 
ti1e basicity rules in Table 1.1. The hexa- and tetra-valent states are 
more easily extracted than the penta- and tri-valent states from 
nitrate solutions, while d1loride solutions promote the extraction of 
the hexa- and penta-valent states. Tile stronger basicity of the 
phosphoryl compounds as compared to the carboxo compounds causes a 
great regularity in the actinide extraction behaviour (see Table 1.3). 
The effect of va14 ious substituents in the phosphoryl compounds has 
been extensively studied by Siddall, Shevchenko, Peppard and 
ｯｴｬｬ･ｲｳｾ Ｕ Ｌ ＳＶ Ｌ ＴＶ Ｍ ＴＸ ｔｨ･＠ M(IV), M(V) and M(V1) actinides are efficiently 
extracted from ｈｃｾ＠ by TBP and TOPO. The different extractibilities 
of M(III), M(IV) and M(VI) in the TBP system are illustrated in 
Fig. 1.2. Very high distribution ratios are obtained for U(VI) with 
the diphosphoryl extractant. The similarity between the sulphoxides 
and phosphine oxides suggests that the former should be able to 
extract the tetra- and hexa-valent actinides, though less effectively 
because of the lower basicity of the R2SO oxygen as compared to the 
R3PO ｏａｾｧ･ｮＮ ＵＹ＠ This is in fact observed, the maximum extraction from 
HN03 being DTh 2. 5 (2 M HN03) and Du (VI) 5 ( 4 M HN03) wi tl1 1 M . 
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diheptylsulphoxide (B) in 1,1,2-trichloroethane. TI1e extracted species 
are identified as Th(N03)4B2 and U02(N03) 2B2. 60 
FIG. 1.1 The extraction (log D ) of uranyl nitrate from 1 M HN0 3 by 
u 5 
various phosphoryl compounds 
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TABLE 1.3 Regularities in actinide extraction from nitric acid 
solutions by phosphoryl extractru1ts (B) 
CUnder otheThrise identical conditions ｾ＠ increases in the 
order indicated)* 
Extractant: (R0)3PO < (R0)2R'PO < ＨｒｏＩｒｾｐｏ＠ < ｒｾｐｏ＠
Diluent: Decreasing polarity (dielectric strength E) 
Valency state: M(V) ｾ＠ lvl(III) << M(VI) $ M(IV) 
Trivalent actinides: 2M< z+lM (species M(N03) 3B3) 
. Tetravalent actinides: Th < U < Np < Pu (species M(N03) 4B2) 
Pentavalent actinides: ｾｰ＠ < Pa (species ｾｄＨｎＰ Ｓ ＩＳｂＲＩ＠
* Table taken from Ref. 15 
--· --- .. ··------ -·-···------ -------; 
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TABLE 1.4 Uranyl ion extraction by neutral extractants 
NEurRAL EXTRACTANT 
Extractant 
molarity or vol % 
Diethyl ether, 100% 
Di-i-propyl ether, 100% 
S, S ' -dibutoAydiethyl ether 
(dibutyl carbitol, butex), 
DBC (I), 100% 
Meti1yl isobutyl ketone 
(hexane), ｾｉｔｂｋ＠ (II), 100% 
i-.Amylacetate, 100% 
Tributylphosphate, TBP 
(RO)sPO, 
Tri-n-octylphosphin-' ﾷ ｯｾ ｾ ｩ､･＠
TOPO, RsPO 
Di-n-octyl sulphoxide, 
OOSO, R2 SO 
* 
Diluent 
Cycle-
hexane 
Aqueous 
phase 
ｎｏｾ＠
ｎｏｾ＠
ｎｏｾ＠
* log D 
u 
Reference 
49,50,51 
49,50 
52 
49 ,so 
49,50 
53 
54 
55,56 
57 
58 
For uranyl ion, the log Du value is given for the specified 
conditions. 
a - log KD 
u 
b - log KD 
u 
I . 13, 13 ' -dibutoxydiethyl ether: II. Methyl isobutyl ketone: 
.__ ______________________________ ---..:.;_ _________ .. .. . . 
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FIG. 1.2 Distribution of actinide species between 30 vol % TBP in 
kerosene and aqueous HN0 361 
10 
ｾｉ＠
2 5 6 
Aqueous ｰｨ｡ＮＮｾ＠ concenu-a tion (moles H ［ｸｏｾＯｬｩｴ･ｲＩ＠
1.3.2 ExTraction by compound formation (anionic extrants), 
chelation 
Compm.md fonna tion extraction systems are those in which the 
+ ･ｾｲ｡｣ｴ｡ｮｴ＠ is sufficiently ｡｣ｩ､ｩ｣ｾ＠ HA ｾ＠ H + A-, to exchange hydrogen 
ions wit..11 cations in the aqueous phase. The extractants are usually 
Chelating agents and either (i) acidic organophosphorus compounds, or 
(ii) carboxylic acids, or (iii) sulphonic acids. There are obviously 
a number of differences between the behaviour of inner complexes and 
that of salts of org3JJ.ic acids. The acids, HA, fanning the inner 
complex, M\, are stable, monomeric compounds v.•hich can be frequently 
isolated in the solid state. They are water insoluble but freely 
soluble in, or ･ｸｴｲ｡｣ｴｾ､＠ into, various organic solvents. Their 
composition is usually unaffected by the nature of the diluent used, 
ＱＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＺｾＭＭＭＭＭＭＭＭＭＭＭ Ｍ ＭＭ ----- -
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in view of their stability, the composition is usually unaffected by 
the ligand concentration in the organic phase. Extraction equilibria 
in systems involving carboxylic and phosphorus acids are far less 
amenable to description by distribution law equations. The extraction 
reaction itself is usually well understood, but it is the non-ideal 
behaviour of the solutes in the organic phase which complicates the 
description of the extraction process by simple equations. There are 
many review articles and monographs on the d1emistry of solvent 
11 12 61-75 . 
extraction involving chelating agents. ' ' Chelatlng agents have at 
least two fLmctional groups entering into reaction with the metal ion. 
One of those groups is OH (or SH), not necessarily on a carbon atom. 
The other is a basic functional group capable of coordinating by its 
donor properties to the metal. The hydrogen of the a-I is replaced by 
ru1 equivalent of metal, and a stable ring, usually five- or six-
membered, is fanned. The stability of the chelate will depend on the 
basic 11ature of the coordination site and the acidity of the OH group. 
Therefore a more basic chelating agent will form a more stable metal 
chelate. On the other hand, a more acidic chelating agent with a 
lower pK value will be more useful· for the extraction of metals from 
acidic aqueous solutions. Thus, for example, thorium will not be 
extracted from an aqueous solution below pH 5, by acetylacetone 
(pK = 8.93}, whereas thenoyltrifluoroacetone (pK = 6.31) will extract 
the metal completely at a pH as low as 1. In order to avoid 
hydrolysis of metal ions, a low pH may often be needed. 
A number of representative uranyl ion ＨＰＰｾＫＩ＠ extraction systems 
are given in Table 1.5, and the effect of pH on the extraction of 
tracer actinides by 0.1 M 8-hydroxyquinoline in chloroform is shown 
in Fig. 1.3. 
---- --- ---- -- -------- Ｍ Ｍ Ｍ Ｍ Ｍ ＭＭＭＭＭＭＭＭＭｾ＠
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FIG. 1.3 Effect of pH on the extraction of Zr(IV), Ti(IV), Th(IV), 
U(VI), and La(III) by 0.1 M 8-hydroxyquinoline in Chloroform 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 
1.3.3 ExLraction by ion pair formation 
This process takes place by the combination of anionic metal-
containing species with the cationic salt of an organic base, e.g. 
(20) 
-or 
Ex'"tractants of this type are predominantly high molecular weight ｡ｬｾＧＢｹｬ＠
am.ines or their salts) usually either tertiary amines or qt12.ternary 
amnonitnn salts. The tertiary alkylamines have excellent perfonnance 
in process chemistry ｾｯｲ＠ recovering fertile and fissionable metals from 
irradiated fuel elements. The extractability of the anionic species 
l 
J 
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TABLE 1.5 Uranyl ion extraction by chelating acids 
CHELATING ACIDS 
Extractant Diluent Aqueous log Du* Ref molarity or vol % phase 
Diethyldi thiocarbamate (I) ｲｮ｣ｾ Ｓ＠ ｈｃｾＬ＠ ｈＲｓｏｾｴ＠ 0 76,77 
0.002 
Dibutylphosphoric acid, ｲｮ｣ｾＳＬ＠ 0.1 ｈｃｾＰＴ＠ 2.5 78 
HDBP, (R0)2PO(OH), 0.1-0.5 CGHG 
Di(2-hexoxyethyl)-phosphoric C6H6 ｬＮｏＨｎ｡ＬｈＩｃｾ＠ 4.9la 79 
acid, (ROC2H 50)2PO(OH) n-decanol ｬＮｏＨｎ｡ＬｈＩｃｾ＠ 1.85a 
n-heptane l.O(Na,H)C£ 5.80a 
Di-n-octyl phosphoric acid, CGHG ｬＮｏＨｎ｡ＬｈＩｃｾ＠ 3.3a 
HDJP, (RO) 2PO(OH) n-heptane ｬＮｏＨｎ｡ＬｈＩｃｾ＠ 4.3a 
Di-n-octyl phosphinic acid, C6H6 ｬＮｏＨｎ｡ＬｈＩｃｾ＠ 3.72a 
H[DOP], R2PO(OH) 
J-.1ono-n-octyl phosphinic acid, C6H6 ｬＮｏＨｎ｡ＬｈＩｃｾ＠ 4.63 
H [MJP] , R(H)PO(a-1) 
l'viono-(2-ethylhexyl)-phosphinic C6H6 l.O(Na,H) ｃｾ＠ 3.93 
acid, ｈ｛ｾｦｦｩｈｐ｝Ｌ＠ R(H)PO(OH) 
Mono-(2-ethylhexyl)-phosphoric hexane l.O(Na,H) ｃｾ＠ 2.85b 
acid, ｈＲＱＧＭｾＬ＠ ｒｏｐＰＨＰｾＩＲ＠
Mono-(2-ethylhexyl)-phosphonic hexane l.O(Na,H)C£ 2.55b 
acid, H2 [MEHP), RPO(OH)2 
* For ead1 uranyl ion log Du values are given for the specified 
conditions, or log KD according to footnote. 
2+ u + 
a- log KD : U02 + 2(HA)2org + U02CHA2)2(org) + 2H 
u 
b - log KD : uo;+ + 2(H2A)2org + U02(H3A2 )2(org) + 2H+ 
u 
I. Diethyldi thiocarbamate: 
79 
79 
80 
80 
81 
81 
81 
82 \ 
82 
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depends upon the aqueous phase conditions more than on the differences in 
the specific affinities of anions for the bulky alkyl cation. Since 
metals are extracted from aqueous solutions, the parameters controlling 
the extraction of metal ions are still those affecting the formation of 
sud1 extractable species in the aqueous phase. These parameters include 
the aqueous ligand concentration, the concentration of other potential 
ligands that may compete for the metal ion, the presence of other anions 
that compete for the bulky cation, the hydrogen ion and metal ion 
concentrations, and such physical parameters as temperature. 
In addition to the parameters of the aqueous phase, ion-association 
extraction systems are especially sensitive to organic phase parameters, 
sud1 as the nature, structure and size of the organic base, its con-
centration and type of organic sol vent used as the diluent. The extraction 
of actinide complexes by organic amines also depends on two main factors 
which were illustrated previously: complex fonnation in the aqueous phase 
and the nature of the amine and diluent in the organic phase. The 
actinides are more efficiently extracted by tertiary and quaternary amines 
h b . d da .· 83 84 h h 1 . . t an y prJJnary an secon ry aJillnes. ' T e exava ent urannnn 1on 
ＨＮｕｏｾＫＩ＠ is extracted from nitric acid solution by the amines in the order: 
primary < secondary < tertiary < quaten1ary, the D values increasing with 
u 
. increasing aqueous acidity (see Table 1.6). D values fall at high 
u 
acidities partly because of the competing reaction: 
RNHX +HX ｾ＠ RNHHX 3 org aq 3 2org (22) 
TABLE 1.6 Distribution ratios Du for extraction of uranyl ion ＨｕｏｾＫＩ＠
from nitric acid with 10 V% tri-n-octylamine (TOA) 86 
:Molarity 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 
of HN0 3 
Du 0.20 0.50 0.69 0.99 0.95 1.17 1.20 0.78 0.83 0.63 0.40 0.26 
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1.3.4 Synergistic extraction 
The term synergism was first invented by Blake et a1 87 in 1958 
s:ince, if a dialkyl hydrogen phosphate, (RO) 2POOH, was used in 
conjlll1ction with certain neutral organophosphorus reagents, e.g. 
TBP, tile observed distribution coefficient was higher than the sum 
of their separate distributions. TI1erefore the improved extraction 
by the addition of a second reagent is called synergism, the 
opposite effect being antagonism. TI1ere are four different types of 
synergistic combination. Two of them involve one acidic and one 
neutral extractant, while the other two groups involve the 
combination of two neutral and two chelating extracting agents 
respectively. A further example of this phenomenon is given in 
Fig. 1.4, whid1 illustrates U(VI) extraction with HDEHP di-2-
ethylhexyl phosphoric acid (CsH1 70) 2P(O)a-I, and four different 
neutral extractants. An excellent review of synergism is given by 
I . 88 s . h d b .c d . h . rv1ng. ynerg1sm s oul not e con.Luse w1 t improvement 111 
extraction due to change of diluent. 
------ ---- - ---- --- ----- ------- --------, 
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FIG. 1.4 Synergistic extraction of U(VI) by di-2-ethylhexyl 
phosphaTic acid Q{DEHP) and four different phosphoryl 
adducts. Aqueous phase 1. 5 M H2 SOt; and 0.004 }\1 (U(VI). 
Organic phase 0.1 M HDEHP in kerosene. TBPO = tributyl-
phosphine oxide, (CllH9 )3PO. BDBP = butyldibutyl 
phosphinate, (C4HsO)(C4Hs)2PO. DBBP = dibutylbutyl-
87 phosphonate, (C4H 9 0) 2 (C4Hs)PO. 
HDEHP-TB?O 
ｈｄｅｈｐｾｂｏｂｐ＠
Dv 
O.t 
Adduct coocc:ntration. [ B}, molcs.lllt 
1. 4 Extraction of uraTlvl nitrate from mineral acids bv 
phorphoryl extractants 
Tne uranyl nitrate-nitric acid-TBP system has a ftmdamental 
connection \vith nuclear fuel reprocessing, and most information is 
available about this system. Apart from many technological papers 
and publications giving distribution coefficient data for various 
diluents and concentrations of uranium, nitric acid and ｔｂｐｾ Ｙ Ｍ ＹＵ＠
and effects of competing anions (importa.Tlt in the stripping 
step), 96- 98 a fe\\r also deal with the mechanism of extraction and 
j 
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connected thennodynamic problems. Shevchenko 101pointed out 
the importance of the considerable polarity of the organic species 
(which is UOz (TBP) 2 (N03) 2, as all authors agree) in detennining the 
distribution coefficients in the various diluents. Although ｾｨ･ｲ･＠
is little correlation between the distribution coefficients and the 
dielectric constants of the diluents, 99 the distribution coefficients 
decrease with increasing molar polarization of the solvents, e.g. in 
rl1e series benzene, carbon tetrachloride, toluene, xylene, 
isopropylbenzene, kerosene, butyl bromide and dibutyl ether. 100 The 
diluents with lower polarization show a positive deviation from the 
square law, those with higher a negative one, while some, such as 
ethyl and butyl ethers, benzene and toluene, are nearly idea1. 101 
Deviations from a square dependence law on TBP concentrations are 
partly due to choice of concentration units (see belmv), and only 
partly to non-ideality of the TBP-diluent solutions. 102 With some 
diluents, mixed solvates are formed, like UOz (N0 3 ) 2 (TBP)BuOI-I with 
b 103 h d . . f d utanol, so t at ev1at1ons rom secon power dependence on TBP 
concentration occur, but this is not so with the inert diluents. 
d Kl kh . 104 d . d Rozen an 1or or1na presente a deta1le thermodynamic analysis, 
particularly of the case where considerable amounts of uraniwn and 
nitric acid are coextracted. Jury and Whatley utilized this 
treatment, together with empirical functions coru1ecting the activity 
coefficients \vith tile TBP concentration and the ionic strength, to 
1 . 1 . d 105 .. corre ate experLmenta extract1on ata. A Slmllar treatment was 
106 
used by Codding to explain quantitatively the extraction from an 
acid-deficient aluminium nitrate meditnn. .f\bre recently, :Marcus 
107 
reviewed these treatments, and in particular developed the ideas 
108 
of Hesford and McKay,. presenting an equation which accurately 
represented diverse data for the extraction of trace uranil..Ull up to 
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1 M (30%) TBP and 7 M nitric acid109 using independent data for 
evaluatb1g various correction functions. The following chemical 
reactions describe the system. 
H+ + NO-
- I-m03 Kt-t (23) aq 3aq aq 
H+ + ｎｏｾ＠ + TBP ...- HN03TBP ｋｾｬＧＢｲ＠ (24) aq org org 
uo2 + + ｎｏｾ＠ + ｋｩｪｾ＠ (25) ....-- illzN03aq 2 aq aq 
U0 2 + + ZNo; + 2TBP ...- illz(N03)z2TBP Ku·r (26) z aq aq org org 
TBP ...-- TBP KT (27) aq org 
The symbols are the equilibrium constants. Eqns (23) and (27) should 
be considered as side-reactions, and for simplicity were ignored. 
The equilibrium concentration of the acid adduct c_ = [HN0 3TBP] 
-HT org 
in the organic phase is given by14 
ｾｔ＠ (28) 
SiT (29) 
Sir = ｾｲｃｓｈＭｾＩｃｓｩＫ Ｒ ｃｵＭｾＭ Ｒ ｃｵｲＩＨｃｔＭｾｔＭｚｃｵｲＩﾣｈｦｎｦｔｦｈｔ＠ -1 
(30) 
and the equilibrium concentration of the uranyl adduct 
(31) 
(32) 
._ _______________ _,;. ___________ _..:.__.:...;_ __ _ . _____ ' - -- -
where 
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cUT = ｋｵｲｃｃｵＭｃｵｲＩｃｾＫＲｃｵＭｾｔＭＲｃｵｲＩＲＨｃｹＭｓｈｲＭＲｃｵｲＩｦｵｦｾｦｾｦｕｔＭｬ＠
(33) 
ｾｔ＠ = equilibrium constant for Eqn (24) 
Kur = equilibrium constant for Eqn (26) 
ｾ＠ = total initial concentration of nitric acid 
CT = total initial concentration of TBP 
Cu = total initial concentration of uranyl nitrate 
fH = activity coefficient for hydrogen ions 
fN = activity coefficient for nitrate ions 
fT activity coefficient for TBP 
fHT = activity coefficient for the acid adduct 
fu = activity coefficient for uranyl ions 
ｦｕｔｾ＠ = activity coefficient for the uranyl adduct 
Then the extraction coefficient for the uranyl adduct can be written 
-1 Du = CurCCu - CurJ (34) 
These equations will be discussed further in 01apter 2. 
Under extreme conditions of high nitric acid and TBP concentrations 
direct solvation of uranyl ion by TBP yields the formation of proton-
solvated trinitrato uranyl acid, H(TBP) 2 U02 (N0 3 ) 3 , identified 
spectrophotometrically, and which is insoluble in kerosene, fanning a 
h . d h 110 Und di . f 1 . . . d . t 1r p ase. er con t1ons o ow n1tr1c ac1 concentrat1on, 
uranyl ion will be hydrolyzed. 
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The hydrolysis of the uranyl ion has been studied repeatedly. 111 
In the earlier years of investigation it was customary to ｡ｳｾｵｭ･＠ that 
. + 112 the main product of hydrolysis was the mononuclear 1on U020H . 
However, it soon became clear that the main products were polynuclear, 
113 114 
and evidence for a 2:2 complex was later reported. ' On the basis 
of cryoscopic measurements, Sutton showed that hydrolysis of uranyl 
salts leads to the formation of the ions U20;+ and ｕｧｏｾＫ＠ and not 
+ 115 U020H and U02 (0H) 2 • In addition, potentiometric, conductimetric 
and spectrophotometric data pointed to the formation of further 
hydrolytic species U30a (OH) +, U30 8 (OH) 2 and UgOs (OI-l);. 
1.4.1 Distribution studies on water 
The determination of the organic phase water content can be 
regarded as a special category of distribution measurement; since the 
activity of water in the aqueous phase is effectively constant in most 
systems, the extent of hydration in the organic phase depends entirely 
on the properties of the latter. 
Wh . d n· d116 · · d th TBP b c11 ·d 1 1tney an 1amon 1nvest1gate e -car on tetra 1 or1 e 
H20 system at TBP concentrations up to 2. 2 M. The data was found to 
fit a TBP-monohydrate model at TBP concentrations of less than 0.1 M; 
above this figure tl1ere was a greater relative uptake of water. The 
extraction data were fitted to the equation 
(36) 
Applying the mass action law and assuming that the activity coefficients 
of TBP
0
r and (TBP) H20 were not varying gave the equation g · n org 
._ __________________________________ ___,_ _ __ - --- -- - - --
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The analytical organic phase water concentration, after correcting 
for the solubility of water in CCi4, was equated to [ (TBP) nH20J org, 
and the 'anhydrous' TBP concentration, [TBP] , was obtained by 
org 
subtracting [(TBP) H20] from the total organic phase TBP n org 
concentration, [TBP]tot,org· A plot of [(TBP)nH20J 0 rg against 
[TBP] gave a straight line of gradient 1. 0 up to 0.1 M [TBP] , 
org org 
i.e. n = 1. 
However, the assumption ti1at n : 1 had to be made in order to 
calculate [TBP] . According to the autilors, deviation from the org 
line above 0.1 :f\·1 [TBP] could be due to either the presence of a org 
second hydrate, or to changing activity coefficients of TBP and 
org 
Olander and co-workers117 measured water distribution 
into TBP-hexane solutions and found that the water concentration, 
[H20J 0 rg' could be expressed empirically accordDlg to the equation 
[H 20] oro = 0. 4 [TBPJ l. 67 
o tot,org 
The results led the authors to the conclusion that the interaction 
between TBP and water is stronger than that normally attributed to 
non-ideality but weaker than a true chemical complex. 
(38) 
Roland et a1118 have studied the hydration of carbon tetrachloride 
and carbon disulphide solutions of TBP by means of distribution 
measurements and infra-red spectrophotometry. They found that at TBP 
concentrations less than 0.1 Min CC£4 and 0.07 Min CS2, the data 
fitted a monohydrate model witil values for K (in Eqn (2)) of 0.15 and 
0.12 in CC£ 4 and CS 2 respectively. At TBP concentrations between 
0.1 M and 0.7 Min CC£ 4 and 0.1 M and 0.5 Min CS 2 , the data was fitted 
by postulating an additional species, the dimer dihydrate. The 
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dissociation constant of tl1is species, Kd, given by 
K = d 
[TBPfhO] 2 
[TBP2 (H20) 2] 
(39) 
was 0.289 in CC£4 and 0.113 in CS 2 • At higher TBP concentrations 
between 0.7 M and 1.1 Min CC£4 and 0.5 M and 1.0 Min CS2, a further 
association was proposed of the form: 
where 
Ks = 
[TBP2 (H20) 2Jm/2 
[TBP m (H2O) m] 
(40) 
( 41) 
TI1e best values of m were 10 and 4 in CC£ 4 and CS 2 respectively, and 
values were calculated for K3 of 7.40 x 10- 4 and 0.302 in CC£ 4 and 
cs2 respectively. 
TI1e extraction of water into TBP solutions in several diluents 
has been investigated by Rozen et a1.119 The diluents used were 
chloroform, carbon tetrachloride, toluene, benzene, kerosene and 
dibutyl ether. The results were interpreted in terms of the theory of 
regular solutions with tl1e aid of water vapour pressure measurements 
made over TBP-H20 and TBP-H20 diluent solutions. A formula was 
derived for calculation of the solubility of water ·in TBP solutions. 
Positive deviation from ideality was observed in most solutions, with 
the exception of chloroform, in solutions of which the solubility of 
water was virtually ideal. This was due, it was thought, to hydrogen 
bonding between TBP and chlorofonn. The results were discussed in 
terms of the possible existence of TBPH2 0. However, infra-red 
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spectral and freezing experiments indicated that at low water 
concentrations (TBP) 2H20 was more likely to be formed, although this 
species was considered to be very unstable. Consideration of thermo-
dynamic quantities led to the conclusion that a weak hydrogen .bond of 
-} 
energy aronnd 1 kcal mol is fanned between TBP and water. 
Johnson and Dillon120 have also studied the distribution of 
Ｇｾ｡ｴ･ｲ＠ into TBP-diluent solutions. The diluents used were n-hexane, 
dodecane, benzene, cyclohexane, n-octyl bromide, carbon tetrachloride, 
d1lorofonn and pentad1loroethane. The data were used to calculate the 
mole fraction of TBP in saturated H20/TBP-diluent systems in order to 
compare data. For the distribution of TBP into water from different 
diluents, it was concluded that there is no evidence for the 
existence of a definite TBP-H20 complex of simple mole ratio in any 
of the systems studied. 
It is evident from the examples given above, and those by other 
116 121-135 . 
workers, ' t..hat there lS still disagreement as to the nature of 
the processes involved in the dissolution of water in TBP and 
TBP-diluent solutions. 
Distribution measurements have given evidence for TBPH20 
. 116 118 136 formation only at lovv TBP concentratlons, ' ' but some workers 
are critical of such evidence and tend to ti1e view that interactions 
between TBP and water are too weak to consider the formation of 
specific complexes.117 ,119 ,120 However, infra-red spectral measure-
ments give evidence of moderately strong hydrogen bonding on tile 
phosphoryl oxygen of the TBP molecule.116 ,llB,l37 Also, distribution 
measurements of water into TBP from aqueous solutions of variable 
water activity showed no sign of approaching a 1:1, H20:TBP 
43 
stoichiometry as the water activity approacl1ed unity. 135 Equally, 
h . . . b 138 b . ooc t e H20:TBP rat1o 1s temperature var1a le, e1ng 1.13 at , 
1.15 at 25°C and 0.96 at 5Q°C. 
These observations do not support the exclusive existence of a 
single monohydrate. 
1.4.2 Distribution studies on nitric acid solution 
The extraction of strong mineral acids by TBP has received much 
attention. It is now realized that the behaviour conforms to two 
patteTI1S. For a group of very strong acids (perchloric, hydrohalic 
and sulfuric) the acids are extracted mainly as [H(H20) 4 ]+[A]- (TBP 
solvated) ion pairs, partly dissociated,139 ,140 , 141 with small 
amounts of other species. On the other hand, weaker acids such as 
tricl1loroacetic141 or nitric are practically unhydrated in the organic 
phase since the proton associates strongly with the anion and the 
140 141 \-Jhole molecule is solvated by TBP. ' 
By far the most extensive infol1Ilation of the extraction of the 
mineral acids concems nitric acid. It is now established that over 
a considerable range of nitric acid and TBP concentrations in the 
equilibrium aqueous and diluent solutions, respectively, the main 
extracted species is non-hydrated HN0 3TBP. As Alcock, McKay and 
co-workers have originally shown, 134 ti1e reaction for its formation 
is generally accepted to be141 
( 42) 
with an equilibrium constant K = 0.16 at low concentrations in kerosene 
diluent, 134 ,142 while for benzene K = 0.22; other values in the 
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range 0.1-0.4 apply to other diluents. 144 Although it has been 
claimed that the thennodynamic data obtained from distribution 
measurements point to the presence of the definite species HNOgTBP, 
the ratios HN03 :TBP:H20 in equilibrium organic phases (without 
diluent) vary continuously, because of the simultaneous presence of 
various species. At low concentrations of acid it seems that HN0 3 
replaces H20 bot.md to the TBP, and indeed tne variation in the ratio 
[(H20) + HN0 3]/(TBP) is only slight as the nitric acid concentration 
145 
changes. The exact nature of the adduct is, however, still unclear. 
Infra-red spectral evidence points to (C 4H9 0) 3P-+0---H-?-No/26 where 
is a strong hydrogen bond; whether the nature of the bond marked 
? d . . f . 134 h h . 1 1 
-.- enotes J.on palr onnatJ.on, w et er partJ.a or comp ete 
dissociation140 or undissociated nitric acid126 ,146 ,147 is present 
has not been decided. 
Another possibility, the presence of undissociated HN03 molecules 
as an important species, 146 ' 14 7 seems unlikely in the light of other 
evidence. 126 TI1e thennodynamics of the extraction may, of course, be 
d 'b d . th th h 1 . 1 . 146 ' 147 HNO · th h escr1 e WJ. e ypot et1ca spec1es, 3org Wl t e 
equilibria 
HN03 aq 
HN03aq 
so that for the overall reaction 
+ -H + N0 3 + TBP ｾ＠ HN03TBP org 
(log K -1.36) 
(log K -0. 72) 
(log K 1.30) 
( 43) 
( 44) 
( 45) 
(46) 
log K = -0.78, of the same magnitude as found by other workers. This 
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agreement could have been expected since the data are similar. 
The nature of the excess nitric acid, extracted by TBP from 
aqueous solutions more concentrated than about 7 M, over the 
composition HN0 3TBP, is uncertain. TI1e views range from that of 
Collopy,146 , 147 that undissociated HNOs is simply distributed 
between the aqueous and the organic phase (composed of TBP.HN0 3), 
through that of Tuck,145 ' 148 tl1at hydrated nitric acid adds to the 
ester C-0-P bond, or that of ｈ｡ｲ､ｹＬ Ｑ ｾ Ｙ＠ that it adds to nitrate 
O.A')'gen atoms, to those of authors who do not deal with the nature of 
the bonding but rather with the stoichiometry and the equilibrium 
constants. TI1e latter find the equilibrium 
(HNOs)2TBPorg ( 47) 
150 151 
with 1 o g K values -2 • 7 , -3 . 36 , at room temperature or varying 
from -3.39 at 23°C to -3.24 at 70°C. 142 Formation of (HNOs) 3TBP 
side by side with undissociated HN0 3 , 152 formation of three 
different complexes in diluted TBP 153 and the equilibria 
(log K -3.2) 
between 4.5 and 11 M aqueous nitric acid, and formation of 
(HNOs)sH20TBP and (HN0 3 ) 4TBP at higher .concentrations154 have also 
been reported. All these views try to explain the observed facts, 
i.e. the apparent linear relationship between the concentration of 
the excess nitric acid and of undissociated acid in the concentrated 
aqueous phase, as well as the increase of water concentration, after 
the minimum it reaches when displaced completely from TBPH 20 by 
nitric acid. In conc:lusion, it is seen as established that nitric 
acid displaces water from TBPH2 0 to form TBPHN0 3 (except at the 
( 48) 
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lowest concentrations where some TBPI-hOHN03 may form154 with a strong 
hydrogen bond) , but there is no agreement on tl1e degree of ionization 
or nature of the nitric acid. Also, it seems established that excess 
nitric acid dissolves, together with water, in TBPHN0 3 , : but again, 
because of the possibility of there being many species side by side, 
there is no agreement on \.vhether this is a simple dissolution, or 
whether definite species are formed and, if so, how they are bonded. 
Present theory on the behaviour of highly polar compom1ds in 
concentrated solutions is not sufficiently advanced to allow a viable 
interpretation of the available data. 
1.4.3 Distribution of organa phosphOl)'l extractants 
It is important to know the distribution behaviour of the extractant 
in the absence of metallic species, since it has direct relevant to the 
efficiency of the extractant. Under nonnal conditions the bulk 
distribution ratio of most extractants should be considerably in favour 
of the organic phase. 
TI1e distribution of neutral organophosphoryl esters between water 
d . d'l h b d' d 155-157 N 1 an organ1c 1 uents as een stu 1e . eutra esters are 
less soluble in the aqueous phase than corresponding di-alkyl esters of 
the same chain length s :ince they have an extra alkoxy group and also, 
being non-acidic, do not dissociate in water. Hence the solubilities 
of di-n-butyl phosphoric acid (HDBP) and TBP in water at 298 K are 
-2 158 -3 _]56 . 8.2 x 10 M and 1.65 x 10 ｾ＠ respect1vely. Tri-n-butyl phosphate 
is the most familiar extractant of this type, and has received by far the 
widest coverage. 
Tri-n-butyl phosphate has a dielectric constant of 8.05 ± 0.05159,160 
at 298 K, and its dipole moment, 3.05, 3.5 and 3.10 debye has been 
161-163 
reported. 
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Various other physical properties of tri-butyl 
ｾ＠ ｾ＠ t 159,163 d th h h 1 ds h 1 puospua e an some o er organop osp ory compoun ave a so 
been reported. 160,164 ,165 Activity coefficients of TBP53 , 120 ,134 ,166-l69 
in a number of solvents have either been determined by direct _vapour 
pressure and heat of mixing measurements, or evaluated from distribution 
data of the esters between water and the diluent. The association of 
the TBP molecule by the formation of a system of dipole-dipole bonds 
133 166 170-172 . . has also been suggested. ' ' From IR data, the self-assoc1.at1.on 
constant K(TBP)
2 
has been estimated to be 2.9 ± 0.1, but is affected by 
the nature of the diluent. 133 
Tri-:-n-butyl phosphate is widely used for the extraction of many 
elements, including uranium which is very readily extracted, particularly 
as uranyl nitrate. To reduce the viscosity of TBP, it is generally 
diluted with kerosene or another inert solvent. The extracting power of 
TBP depends on the inert diluent: for example, Bruce173 ,174 shrnved 
that TBP of the same concentration in different diluents extracted 
fission elements to different extents: for 15% TBP solutions the 
distribution constant could vazy by a factor of 10, depending on the 
diluent. The effect of the diluent on the extraction of uranyl nitrate 
by TBP was studied by Dizdar et a117 5 who used CC.t4 , xylene, kerosene, 
n-hexane, and diethyl, dibutyl and diisopropyl ethers and showed that 
the distribution constants were greater the less polar the diluent. A 
similar, more detailed study by Shevchenko et a1102 confinned that the 
distribution constant generally fell with increase in the dielectric 
constant of the diluent. They showed that on going from one diluent to 
another with a similar dielectric constant the change in the 
distribution constants corresponds more closely to ti1e molecular 
polarisation than to the dielectric constants. Later, Pushenkov et a1,176 
from work with halogeno-substituted ｨｹ､ｲｯ｣｡ｲ｢ｯｮ ｾ ｾ ﾷ＠ (Q-IC£ 3 , 1,2-dichloro_-
ｌＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ Ｍ - - -
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ethru1e, C2HsBr, CC£ 4 , FC£ 2 CCC£ 2 F, and C£2C = CC£2 ) follld that the 
extraction of uranyl nitrate by TBP could not be related unambiguously 
to such characteristics of the organic diluent as dielectric constant, 
dipole moment, or refractive index. Nemodruk et a1177 showed that the 
distribution constants for the extraction of uranyl nitrate by TBP in 
certain solvents are greater than those calculated with allowance for 
dilution alone. These diluents include all the hydrocarbons studied, 
n-hexane, isooctane, cyclohexane, decalin, benzene, toluene and 
o-xylene ru1d also CC£4. The effect is particularly marked for decalin, 
cyclohexane, benzene, toluene and n-hexane. The distribution constants 
for the extraction of uranyl nitrate by 90% solutions in these diluents 
t th tl t f looo TBP TI1ese earl1'er results102 ,175 ,176 show are grea er an 1a or ｾ＠ . 
that all diluents giving an increase in the distribution constants for 
urru1yl nitrate have low dielectric constants and dipole moments. Dizar 
175 h f' et al were t e 1rst to point this out and suggested that dilution of 
the TBP, which has a high dielectric constant (s = 8. OS) , by a diluent 
with low polarity, decreases the dielectric constant of the organic 
phase and thus facilitates the transfer of the complex U0 2 (N03) 2 ZTBP, 
which also has a low polarity, to the organic phase. This explanation, 
however, is at variance with the fact, established by Shevchenko 
102 
et al, that the complex lXh (N0 3 ) 2 2TBP and TBP itself have the same 
dipole moments 1.1 = (3.1 ± 0.02) x 10- 18 • Shevchenko et al pointed out 
that the interaction between the molecules of diluents and the TBP 
molecules, which have a considerable dipole moment, crumot be neglected. 
Apparently they assumed that in liquid TBP, reaction takes place between 
the oppositely charged ends of the molecules, with the formation of a 
system of dipole-dipole bonds; that is, a characteristic liquid TBP 
system. Dilution of JBP with a liquid of low polarity should thus lead 
to rupture of some of the dipole-dipole bonds, i.e. to breakdown of the 
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liquid TBP structure. This will cause an increase in the activity of 
TBP in the organic phase and hence to an increase in its extracting 
pO\.ver. 
1.5 Determination of thermodynamic functions 
TI1e thermodynarrdc properties of solvent extraction ｳｹｳｴ･ｮｾ＠ have 
been studied in t\-.ro main ways : 
(i) TI1e distribution ratios of various components have been 
detennined at different temperatures, leading to the calculation 
of thermodynamic quantities; this has been called the 
Temperature Coefficient ｍ･ｴｨｯ､ｾ ＷＸ＠
(ii) Direct calorimetric measurements have been made. 
1.5.1 Temperature Coefficient Method 1 
The combination of the Gibbs-Helmol tz equation and the van' t Hoff 
isothenn leads to an equation, kno\1\rn as the van' t Hoff isochore, 179 
which describes the effect of temperature on the equilibrium constant. 
d(6G0 ) 
= tJ-I0 + T ---
dT 
From the van't Hoff isotherm we have 
= 
-RTLnKp 
Differentiating with respect to ｴ･ｾＩ･ｲ｡ｴｵｲ･Ｌ＠ therefore, 
T 
dT 
(49) 
(50) 
._ ______________________ ___:..;___ _______________ - - - - ---
so 
Putting in 
In the integrated form this becomes 
LnKp - -- + constant (51) 
RT 
For constru1t 6H0 , a plot of LnK vs. 1/T will yield a straight line of 
slope- M-!0 /R. 
From the equation llG = -RTLn.K, it can be shown that 
( 6S - Llli/T) 
R 
(52) 
Hence if K is the equilibrium constm1t for an extraction reaction, it 
is readily related to the distribution ratio and measurement of the 
latter at different temperatures gives a graphical solution to eqn (52) 
and llH0 , 6G0 , llS0 can be calculated using eqns (51) and (52). The 
temperature coefficient method is not reconmended in cases where complex 
formation is accompanied by small enti1alpy changes,178 due to its lack 
· of precision. However, several workers have used the method to evaluate 
thermodynamic quantities in solvent extraction ｳｹｳｴ･ｮｾＮ ＱＳＵ Ｌｬ Ｖ ｂＬｬｓｏＭｬｓｓ＠
The thermochemical ftmctions &!0 , llG0 , llS0 for the complex 
formation reaction: 
were determined roughly from the measurement of distribution coefficient 
. i 
1 
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by Naito182 in 1960 and results are: 
1:1G0 (298 K) 
1:15°(298 K) 
-4.3 kcal mol -1 
-2.0 kcal mol- 1 
-1 -l 7.7 calK mol 
135 Hardy and co-workers derived values of the molar heat of transfer of 
water, ｾＧ＠ from an aqueous phase into TBP. When the activity of water 
in the aqueous phase, aw, was unity, the value of liliw was -290 cal mol- 1 
-1 
and when aw ﾷ ｉｾｊ｡ｳ＠ 0. 55-0.59, Mfw was +280 cal mol . The extraction of 
uranyl nitrate solution (5 g .Q, - 1 ) containing 6 .M nitric acid, with TBP 
solutions in kerosene at temperatures between 10 and 50°, were 
determined by Sato185 in 1965. From the results obtained, the values 
of the heat of reaction (change in enthalpy) (in kcal mol- 1 ) were 
estimated to be, for uranium, -3.61 in 6 M HN0 3 with 4.9% TBP, -3.69 in 
6 M HN0 3 with 19% TBP. 168 Healy et al have reported that the fill value 
for extraction of uranyl nitrate from water to TBP is -3.615 kcal mol- 1 • 
186 In 1971 Komarov and Shpunt studied the thermodynamic fllllctions for the 
extraction of uranyl nitrate hexahydrate from water to TBP in the 
presence of diluent, according to ' the temperature dependence of the 
equilibrium constant of the extraction reaction (Table 1.7). 
TABLE 1.7 Thennodynamic flll1ctions at 298 K 
mo 1:1Go 1:1So 
Solvent 
cal mol -1 cal mol -1 cal -1 -1 deg mol 
Carbon -2600 ± 200 -2600 ± 100 0 ± 1 
tetrachloride 
n-dodecane -5100 ± 200 -3CX)O ± 100 -7 ± 1 
L_ ________________________ ___:... _______ ___;,_;, ________ _____ _____ - ··· -- . 
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The results of an experimental determination of the equilibrium 
constants were evidence that when the initial volume concentration of 
TBP was varied from 0. 2 to 0.02 M, the value of the equilibriLUn constant 
. h" h 1" . f . 1 . h 186 mt m t e 1IDl ts o experJJ1lenta error remalllS t e same. 
Distribution coefficient data for hexavalent U, Np and Pu were 
obtained at different temperatures in the range 10°C - 60°C for 3.0 M 
nitric acid and 30% TBP in .A'Ylene. 187 TI1e enthalpy changes associated 
·with the extraction of the ions were detennined. TI1e enthalpy change 
-1 for U(VI) was-2.85± 0.10 kcal mol . 
In 1978 Bagawde et a1189 studied the variation of the distribution 
coefficient of U(VI) in the nitric acid-TBP system as a function of 
temperature (in the range of 10-60°C) , four concentrations of TBP-
diluent, n-dodecane (2.5, 5.0, 15.0 and ＳＰ ﾷ ｾｯＥＩ＠ and at five concentrations 
of aqueous nitric acid (0.1, 0.25, 0.5, 1.0 and 4.0). All the data 
showed that the extraction reaction 
is exothennic in nature, and the enthalpy values, under different 
conditions, have been calculated. Thennodynamic value was fonnd to be 
-5.0 ± 0.5 kcal mol- 1 for enthalpy of extraction. Chen et a1188 have 
reported that the lili0 value is -5.09 kcal mol- 1 in 3 M HNOs with 15% TBP. 
1.5.2 Calorimetric method 
There have been relatively few calorimetric studies on solvent 
extraction systerns.190- 196 
Nikolaev and Afa.nas 'ev192 studied the thermochemistry of extraction 
of uranyl nitrate with TBP calorimetrically. They started with the 
-----------------------------------'--'-'----'---------- - -- - ----- - ·· 
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assumption that the heat of extraction (M-I ) is the sum of the heat 
e 
of dilution of the aqueous phase (liHd), the heat of formation of the 
solvate UOz CN03) 2ZTBP at the phase boundary (&Is), and the heat of 
solution of this SQlvate in excess TBP (&ls01): 
They therefore determined M1 , Mid and m 1 in separate series of e so 
･ａｾ･ｲｄｮ･ｮｴｳＬ＠ and 6H from these values. Mis (6.30 ± 0.38 kcal mol- 1 ) 
. s 
is, in essence, the heat of reaction: 
U02+ + 2N0-3 + 2TBP -2 aq aq org uo2 CN03) 2 2TBP org 
Afanas 'ev et a119 5 determined the heats of mixing of TBP with n -heptane, 
n-nonane, n-decane, dibutyl ether, carbon tetrachloride and chloroform. 
197 In 1966 Afanas 'ev et al determined the heats of mixing of TBP 
'vith its solvate for the uranyl ion, thorium( IV), cerium( IV) and 
cerium( III) nitrates. They have shmm that with the exception of 
Ce(NOs) 33TBP, all the solvates studied add two further TBP mole.cules 
per solvate molecule with a relatively small heat of addition when 
dissolved in a large excess of TBP. 
The heats of mixing of nitric acid with TBP, tri-isobutyl phosphate 
(TIBP) , and the butyl ester of dibutylphosphinic acid (BEDPA) were 
determined by Afanas'ev and co-workers. 198 They showed that a solvate 
with a 1:1 composition predominated only in the HN0 3 -TIBP system, while 
if the TBP and BEDPA fonn solvates of similar composition they will 
predominate and be reasonably stable only in a small range of 
concentrations. They_ asst.nned that in the case of TIBP the branched 
chains hinder the fonnation of solvates with more than one HN0 3 molecule 
per solvate molecule, whid1 is not the case for TBP. 
-----------------------------------'-'------·- . - .. ..... . 
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TI1ey also attempted to determine the heats of solution of triphenyl 
phosphate (TPP) in 100% nitric acid, and they established that TPP is 
nitrated during solution in 100% nitric acid. 
Biddle and co-workers190 in 1967 studied the systems TBP-mineral 
acid ru1d TBP-mineral acid-water calorimetrically. It was found that 
plots of temperature rise against acid concentration in the TBP were 
composed of linear sections, suggesting only one significant process 
per section. _For hydrod1loric, nitric and sulphuric acids, the linear 
regions of the plots at low acidit)r were considered to correspond to the 
formation of ｔｂｐﾷｈｃｾＬ＠ TBP·HNOg and (TBP) 2H2S04 respectively. The nature 
of the complexes formed at higher acidities was more tmcerta:in. The 
temperature rise accompanying the addition of water to TBP-mineral acid 
mixtures was also studied. The heat of addition of liquid water to 
TBP-nitric acid was small at 240 cal mol- 1 , while the temperature rises 
from addition of water to TBP-hydrochloric acid and TBP-sulphuric acid 
solutions were much larger and the temperature rise versus water 
concentration plots were not linear, suggesting several successive 
equilibria. The reason for these observations was considered to be the 
failure of water molecules to break the TBP-HNOs bond; with hydrochloric 
and sulphuric acids the acid-TBP bonds are probably broken, giving 
. hydroxonium ions. Further evidence for this model was supplied and it 
+ -
1•.ras demonstrated that the formation of [H(H20) 4 (TBP) 3] N0 3 should be 
endothennic and energetically tmfavourable. TI1e heats of mixing of 
several organophosphoryl compounds with chloroform have been determined 
calorimetrically191 in order to compare their hydrogen bonding tendencies. 
196 
In 1973 Marcus and Kolarik applied the calorimetric method to the 
system of extractio11 of uranyl nitrate hexahydrate from aqueous solution 
into TBP in the presence and the absence of diluent (n-dodecane) . 
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Overall heat effects measured were corrected for the various dilution 
ru1d concentration enti1alpy changes to yield the net enthalpy change 
ｾＨｬＩ＠ for the reaction: 
U02+ + 2NO; + 2TBP + U02(N03)2ZTBP 2 aq aq org org (I) 
They assumed that the observed heat of extraction mobs is the sum of 
e 
the net heat of extraction m(l)' the heat of dilution of uranyl nitrate 
Lilidil, the heat of hydration of TBP (with addition of neat or diluted 
TBP to excess of water) Lilihyd' the heat of mixing of TBP and dodecane 
6.I-Ly, the heat of mixing of solvate (U02 (N0 3) 2 2TBP) with dodecane D.HU, 
and the heat of mixing of the solvate with TBP &IM. 
"Hobs = "H 
D e D (1) + D.Hdil + D.Hhyd + ｾ＠ + liliu + D.HM 
Since D.H(l) = ｭｾＬ＠ the heat of transfer of uranyl nitrate hexahydrate, 
lillobs 
e 
TI1e values of mt were then corrected to apply to the standard states 
defined below, to give the standard enthalpy change for reaction (I). 
TI1e standard state for the aqueous solution is infinite dilution of 
uranyl nitrate, TBP and, 1.;hen present, n-dodecane in water. The 
standard state for dodecane diluted TBP is infinite dilution of uranyl 
nitrate disolvate and of TBP in water-saturated n-dodecane. The 
thermodynamic value of ｄＮｈｾ＠ = -13.0 kcal mol- 1 (pure dodecru1e) and the 
enthalpy of transfer, ＶｈｾＬ＠ for extraction has been reported 
0 -1 L\Ht = -8.1 kcal mol (for neat TBP). 
Marcus and Kolarik have severely criticized the method of 
estimating D.H0 by teJID?erature dependence of the equilibrium constant for 
the reaction equilibrium because of the neglect of the heat of dilution 
of the reactants to the standard states, and the temperature dependence 
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of an equilibrium quotient which is constant only under a particular 
set of conditions. Marcus and Kolarik consider their procedure is 
inherently more accurate, and gives directly the major portion of ｾ Ｐ Ｌ＠
and permits a meaningful evaluation of ｾｓ Ｐ •＠ This claim will be answered 
in Chapter 2, Section 2.4 and also a final comparison will be made 
between m(l) = ｭｾ＠ determined ill the present work, which is obtained by 
the difference between the heats of solution of uranyl nitrate in nitric 
acid and TBP-cyclohexane: 
ｾｾ＠ = ｴｈｾｯｬｮ＠ (in TBP-cycl) - ｾｾｯｬｮ＠ (in nitric acid) 
and the enthalpies of extraction as Marcus and Kolarik measured. Such 
a comparison between enthalpies of extraction (Marcus's work) and the 
difference between the enthalpies of solution in the two separate phases, 
have not been made for the extraction of uranyl nitrate from aqueous to 
organic (TBP). 
1.6 General conclusions 
TI1ere is now available a considerable amount of data on the enthalpy 
of extraction of uranyl nitrate from ··.water to TBP by the temperature 
coefficient method and some data by the calorjJnetric method. 
So far, however, there has been almost no attempt to compare these two 
methods, or to measure the heats of uranyl nitrate in nitric acid and in 
TBP separately, and to calculate the enthalpy of extraction of uranyl 
nitrate by the difference between the enthalpies of solution in the two 
separate phases. Further, the results to date on corresponding enthalpy 
and entropy data by direct calorimetric methods are very limited so that 
no conclusions can be drawn. Here again, more experimental results are 
urgently needed for the calorimetric method. 
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CHAPTER 2: DISCUSSION 
.__ ________ ........__ ___ ....._ _______________ --..:... __ __;__ _____ - - -- -- -
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2. Determination of thermodynamic functions for extraction 
The thermodynamics of extraction of hydrated uranyl nitrate 
[U02(N03)26H20J from nitric acid solution to tri-n-butyl phosphate were 
studied in two main ways, (!) direct calorimetric measurements., and (II) 
the distribution ratios of various components at different temperatures. 
2 .1 Direct calorimetric measurements. 
Heats of solution of uranyl nitrate hexahydrate have been determined 
in nitric acid solution and water-immiscible solution of tri-butyl 
phosphate in cyclohexane, using the LKB solution calorimeter (see 
Section 3.2 ). Combination of these heats of solution will yield the 
enthalpy of transfer of the uranyl nitrate between the two phases. The 
relevant thennochemical equations are: 
In these equations, ｬｬｬＭｉｾ＠ = ＭｬｬｬＭｉｾ＠ (:in aqueous phase), ｍ｝ｾ＠ = ｌｩｬｩＺｾ＠
(in organic phase) , and Ｆｉｾ＠ = the enthalpy of transfer of uranyl 
nitrate (&1°) t 
ｾｾ＠ = Ｖｈｾ＠ (organic) - Ｆｉｾ＠ (aqueous) 
(I) 
The aqueous phase in (I) would contain nitric acid and would be 
presaturated with the organic phase; in (II) the organic phase would be pre-
saturated with the aqueous nitric acid in order that conditions for the 
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determination of Ｖｈｾ＠ should be those prevailing in the determination 
of the distribution ratios. 
In order to obtain ｾｾ＠ and ｾｾ＠ it will be necessary to determine 
the heats of solution of uranyl nitrate at different uranyl nitrate 
concentrations, and to extrapolate the observed values of ｾ Ｑ＠ and ｾ Ｒ＠
to infinite dilution. 
The standard state would be that of infinite dilution of uranyl 
nitrate in the specified aqueous phase and . infinite dilution of uranyl 
nitrate in the specified organic phase. 
It may also be necessary to use different concentrations of 
tri-n-butyl phosphate (TBP) in order to characterise the systems fully. 
The following general procedures were used throughout for the 
aqueous and organic phases. 
(i) Materials were used as described in Section 3.1 ; ampoules 
and all .glassware, ｩｮ｣ｾｵ､ｩｮｧ＠ the reaction vessel, were 
thoroughly cleaned and dried. 
(ii) Samples were weighed on a single pan analytical balance 
reading to ±10 ｾｧ＠ into standard ampoules which were sealed. 
(iii) Sufficient equilibrium time was allowed to overcome the 
effects of solvent evaporation in the case of the organic 
phase, and the run was commenced only when a consistent pre-
rating slope was obtained. The stirrer speed was kept as high 
as possible to reduce dissolving time, especially in organic 
solutions for which U02(NOg)z6HzO was slow to dissolve (Fig.2.2) 
but was rapid in aqueous solution (Fig.Z.l). Calibrations 
were matched to individual reactions. 
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(iv) The solution was inspected after the run for signs of 
insoluble material. The ampoule was checked for complete 
fracture and also to ensure that none of the sample remained 
rmdissolved in the seal, and that the organic soluti.on was 
homogenous. The reaction vessel was washed three times with 
water, acetone, and was then dried. 
(y) Reproducibility and accuracy of the LKB calorimeter has been 
confirmed by water calibrations and standard heat measurements, 
such as Tham and Tetrapropyl ammonium iodide. The systematic 
and random errors in ｾ＠ for aqueous solution were satisfactory 
(see Table 2.4 and Section 3.2.8). 
In organic solution, due to the small amm.mt of heat involved in 
these measurements, effects due to concentration of water, the amount of 
solute, and solvent properties such as ampoule breaking, can seriously 
affect the accuracy of results , and the random errors in &Is in some 
cases are higher than desired (see Table 2.11). 
2.1.1 Heats of solution of uranyl nitrate hexahydrate in the 
aqueous phase 
2.1.1.1 Heats of solution in water 
Considerable difficulty was encountered in obtaining a reliable 
standard heat of solution of uranyl nitrate in water at different 
concentrations of U02 (N0 3) 2 6H2 0 (see Table 2.1). It can be seen that 
in very dilute solutions the heats of solution change in value with 
concentration, and these changes are caused by hydrolysis of uranyl 
ion. The previous ｶ｡ｾｵ･ｳ＠ for heats of solution of uranyl nitrate , 
hexahydrate were obtained using high concentrations of uranyl nitrate 
(Table ＲｾＲＩＬ＠ but inmost cases there was no clearly defined standard state. 
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If studies of thermodynamic functions of extraction of uranyl nitrate 
are made in pure water or in solutions of high pH, then it will be 
necessary to determine the heat of hydrolysis because the uranyl ion is 
extensively hydrolysed in pure water and in acid solution with_ pH > 3. 
The degree of hydrolysis is dependent on uranyl ion concentration. 
Since the hydrolysis of uranyl nitrate in water can be prevented by 
adding nitric acid to the aqueous solution, it is possible to calculate 
the standard heat of solution of uranyl nitrate in water (this will be 
discussed in Section 2.1.1.2). Otherwise, from the results in Table 2.1, 
it is not possible to obtain the standard heat of solution of uranyl 
nitrate in water. 
TABLE 2.1 Heats of solution of [U02 (N0 3) 2 6H20J in water 
cal mol- 1 at 298.15 K 
ID2(N03)26H20 g 9--1 ms 
0.080 7470 
0.178 6751 
0.179 6733 
0.349 6109 
0.800 5633 
0.955 5630 
TABLE 2. 2 Heats of solution of 002 (N0 3) 26H20 in water 
obtained by other workers 
Ref 
199 
200 
201 
202 
203 
002(N03)26H20 
154.60 
ＱＲＵ Ｍ ｾ＠ so 
29.98 
* 
g 9--1 MI. 
cal ｭｾｩＭ Ｑ＠
5480 
5450 
4760 
5250 
5510 
* The concentration of U02 (N0 3 ) 2 6H20 is not mentioned in Ref. 203.:·· -· · 
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2.1.1.2 Heats of solution in different concentrations of 
nitric acid 
In order to prevent the l1ydrolysis of uranyl ion in water, 
sufficient nitric acid was used. In addition it is necessary _to ensure 
that the uranyl ion species formed at eaCh acid concentration are ｾＱ･＠
same. Over a wide range of nitric acid concentration this may not be 
the case, since at least two nitrate complexes, [U02NO; and U02(N03)2l 
are formed in aqueous acid. One way of investigating this would be to 
measure the heat of solution of U02(N03) 26H20 at different concentrations 
in different concentrations of nitric acid. From the results in Table 2.3 
it can be seen that the heats of solution are increasing with increasing 
nitric acid concentration, and the differences in low acid concentration 
are small, but in l1igh concentration of nitric acid quite large 
differences were observed. The heats of solution obtained in Table 2. 3 
cannot be compared directly with those of other authors because most 
measurements on the hydrates of uranyl nitrate have only been carried 
out in water. Cordfunke204 in 1964 has measured the heats of 
:iri 6 M nitric acid solution, the value 
for the heat of solution is given in Table 2.4 with the results of the 
present work. 
205 In 1949 Betts et al determined the stability constant for the 
equilibrium ｕｏｾＫ＠ + NO; ｾ＠ U0 2NO; by spectrophotometric methods and found 
it to be 0.21 ± 0.01, for solution with 2.00 M hydrogen ion. The values 
at concentrations of nitrate greater than 3 M were not interpreted 
unequivocally, and in that region either small amounts of U02(N03) 2 were 
formed or, more probably, the stability constant changes slightly with 
ionic strength. 206 The stability constant (B 1 ) for U02NO; has been 
measured at different temperatures by Day, Jr. et a1207but no thermo-
dynamic data have been published. If it was possible to calculate the 
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TABLE 2. 3 Variation of the heats of solution of U0 2 (N0 3) 26H 20 in 
nitric acid solution, cal ｮｾｬＭ Ｑ＠ at 298.15 K 
HN03 U02 (N03) ＲＶｾﾷｨｏ＠ m m (a) 
IE &Is s s 
-1 (c) (mean) (R=correlation M g i coefficient) 
0.4043 16.28 X 10- 2 5099 
0.5960 35.49 X 10- 2 4981 
0.022 5018 ± 54 5131 ± 33 
0.7310 53.46 X 10- 2 4996 (R = -0.699) 
0. 9330 87.06 X 10 -2 4999 
0.4190 17.59 X 10 -2 5140 
0.6320 40.00 X 10 -2 5096 
0.0504 0.6320 40.()() X 10 -2 5093 5090 ± 35 5174 ± 21 
X 10-2 
(R = -0. 723) 
0. 7760 60.23 5042 
0.9810 96.29 X 10- 2 5080 
0.4140 17.13 X 10- 2 5298 
0.6130 37.61 X 10- 2 5220 
0.1004 0.6134 37.63 X 10 -2 5225 5206 ± 66 5411 ± 7 
67.50 X 10- 2 
(R = -0. 993) 
0.8220 5167 
0.9990 99.80 X 10-2 5120 
0. 5370 28.89 X 10- 2 5202 
0. 5630 31.72 X 10- 2 5196 
0.9620 92.54 X 10 -2 5165 
0.492 1.0120 102.37 X 10- 2 5202 5220 ± 47 5174 ± 34 
510.24 X 10- 2 
(R = 0. 587) 
2.2590 5270 
2.2630 512.37 X 10- 2 5303 
2.2670 513.80 X 10- 2 5180 
Cont 
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TABLE 2.3 (Cont) 
0.3919 153.62 X 10-2 5638 
1.45 0.6009 361.14 X 10- 2 5682 5681 ± 43 5571 ± 3 
10- 2 
(R = ＰＮｾＹＶＲＩ＠
0.8783 771.49 X 5725 
0.4269 18.23 X 10- 2 6308 
0.6624 43.88 X 10- 2 6599 
2.50 6545 ± 160 5998 ± 49 
0. 6621. 43.84 X 10- 2 6602 (R = 0. 936) 
o. 8722 ·. ｾ＠ 76.07 X 10-2 6674 
(a) TI1e heats of solution were calculated by least squares 
procedures using IE, but the values of the correlation 
coefficient were quite poor at 5% significance level, from 
Table VII of Fisher and Yates, 208 except in 0.1004 M HN0 3 • 
TABLE 2.4 Heats of solution of U02(N03)26H20 in nitric acid solutions 
cal mol- 1 at 298.15 K 
HN03 (}1) &Is %[U02NOg]t =a 
0.0220 5018 ± 54 0.5 
0.0504 5090 ± 35 1 
0.1004 5206 ± 66 2 
0.4920 5220 ± 47 9 
1.4500 5681 ± 43 22.5 
2.5(XX) 6545 ± 160 33.5 
6.0000Ca) 9530 
(a) Cordfunke (Ref 204 ). 
______ .....;... _______________ _...:.. _____ ,__ ___ ____ ---- --- - -- - --
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heat of for.nmtion value for the ｕＰ Ｒ ｎｏｾ＠ complex, and also to calculate 
the percentage of U02NO; present at different nitric acid concentrations, 
provided that HN0 3 is completely ionised,the standard heats of solution 
of U02 (N0 3) 2 6H20 could be corrected for the heats of ｦｯｲｭ｡ｴｩｯｾ＠ of the 
U02NO; complex in different nitric acid solutions. Since the 81 data at 
different temperatures are of doubtful significance, it is not possible 
to correct the ｾｳ＠ for heats of fo1mation of U02NO; experimentally. The 
percentage of uranium as ｕＰ Ｒ ｎｏｾ＠ has been calculated in different nitric 
acid solutions and results are given in Tables 2.4 and 2.6. It is seen from 
the data that the percentage of [U02NO;] increases by increasing nitric 
acid concentrations and is constant whilst the uranyl nitrate 
concentration is changing. 
So far, the heats of solution are known to be independent of uranyl 
nitrate concentration and dependent on the nitric acid concentration. 
Although the correction of the ｾｳ＠ values for possible U02NO; complex 
fonnation cannot be carried out experimentally, it can be done on a 
trial-and-error basis . Results c:tre given in Table 2. 5, with correction 
also made for the Debye-Hlickel dilution term. It can be seen that the 
average ｾｾ＠ after corrections are nearly the same within similar 
standard deviation (o), and the mean of the average values 
Ｈｾｾ＠ = 4995 ± 80) has been taken as the standard heat of solution of · 
uranyl nitrate hexahydrate in water. Several other values have been 
determined and the sugges ｴ･､ Ｓ ﾷ Ｒ ｾ ｾ＠ value of 5. 5 ± 0.1 kcal mol- 1 ·· is much 
higher than the present value. 
2.1.1.3 Heats of solution in nitric acid solution containing 
tri-n-butyl phosphate 
The heats of solution of uranyl nitrate hexru1ydrate have been 
_______ ___,;. ____________ ......._ ____ .:...,__ ________ -"--____ - - -- - - -· 
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* TABLE 2. 5 Heats of solution of uranyl nitrate hexahydrate in nitric 
acid solutions after correction for (a) Debye-Huckel 
dilution, (b) Debye-Huckel dilution and ｾ＠ for [U02NO;] c 
complexing, and (c) ｾ｣＠ for [U02NO;] complexing 
HN03 (M) ms-477/C m -477/C-am M1 -a&l 
m s c s c 
c s (a) (b) (c) 
0.0220 5018 4947 4945 5003 
0.0504 5090 4983 4978 5060 
0.1004 5206 5055 5045 5146 
0.4920 5220 4885 4830 4950 
1.4500 5681 5107 4995 5006 
5243 4995 4959 5033 (average) 
±259 ± 87 ± 80 ± 74 (c) 
Ca) '477 /C ' has been calculated from Ref. 211 by using the nitric 
acid concentration and ｩｧｮｯｾｩｮｧ＠ the effect of ionic strength of 
uranyl nitrate. 
(b) 'a.lillc' , a is the percentage of uranitnn as ｛ｕＰ Ｒ ｎｏｾ｝＠ taken from 
Table 2.4. 
* 
lillc is the heat of formation for [U02NO;] complexing, obtained by 
trial-and-error to get the lowest o values; the assumed values of 
-1 Mlc are 500 and 3000 cal mol for (b) and (c) respectively. 
Heats of solution at 298.15 K (cal mol- 1 ) 
._ _______________________ ::....,__ ________ _____ _ - --- - ---- -
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TABLE 2. 6 The percentage of uraniwn as a [U02N0 3 ] + in aqueous phase(a) 
(nitric acid solution) 
HN03 Total No; U02 (N03) 26H20 % [lXhN03] + 
(M) (M) (M) (a) 
2.26 X 10- 2 3.24 X ＱＰＭｾ＠ 0.4 
2.38 X 10- 2 8.89 X 10- 4 o. 5 
0.022 2.41 X 10- 2 1.06 X 10- 3 0.5 
2.55 X 10- 2 1.73 X 10- 3 0.5 
5.11 X 10- 2 3.50 X 10 Ｍｾ＠ 1.0 
5.20 X 10- 2 7. 96 X 10 -4 1.0 
0.0504 5.28 X 10- 2 1.20 X 10 -3 1.0 
5.42 X 10- 2 1.92 X 10- 3 1.0 
1.01 X 10-l 3.41 X 10- 4 2.0 
1.02 X 10- 1 7.49 X 10- 4 2.0 
0.1004 1.03 X lQ- 1 1.34 X 10- 3 2.0 
1.04 X 10- 1 1.99 X 10- 3 2.0 
4.93 X 10-l 5.75 X 10- 3 8.9 
4.94 X 10-l 7.78 X ＱＰＭｾ＠ 9.0 
0.492 4.96 X 10-l 2.04 X 10- 3 9.0 
5.12 X 10-l 1.02 X 10- 3 9.3 
1.46 3.66 X 10- 3 22.6 
. 1.45 1.46 7.19 X 10- 3 22.5 
1.48 1.54 X 10- 2 22.8 
2.50 3.63 X 10- 4 33.3 
2.50 2.50 8.74 X 10- 4 33.3 
2.50 1.52 X 10- 3 33.3 
(a) 2+ - + U02 + NOg ;r:!: [U02N03) 
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measured in nitric acid solution presaturated with TBP-cyclohexane (the 
composition of the saturated solution is given in Table 2.7), and also in 
nitric acid containing different amounts of TBP; the results are 
surmnarized in Table 2.8 (for more details see Section 3.4). 
TABLE 2. 7 Composition of aqueous phase saturated with organic phase 
ａｱｵ･ｭＮ ｾＮ ｳ＠ phase 
0.492 M nitric acid 
saturated with 0.5 M 
TBP in cyclohexane 
Solubility of TBF(a) Solubility of grclohexane 
in aqueous phase in aqueous phase 
-} 0.0786 g t 0.005 % w 
Ref. (.209 , 210) 
(a) has been measured by gas chromatographic method (see Section 3.4.2) 
TABLE 2. 8 Heats of solution of uranyl nitrate hexahydrate in 0.492 .M 
nitric acid solution containing TBP 
TBP 
g .R, -1 
30.98 X 10- 3 
31.29 X 10- 3 
34.66 X 10- 3 
61.96 X 10- 3 
62.07 X 10- 3 
62.78 X 10- 3 
64.62 X 10- 3 
69.12 X 10 -s 
(S)t 
(S) t 
0 
U02(N03)26H20 
-1 g .R, 
394.00 X 10- 3 
102.58 X 10- 3 
102.59 X 10- 3 
366.70 X 10- 3 
360.05 X 10- 3 
356.06 X 10- 3 
103.82 X 10 -2 
356.37 X 10- 3 
-356.98 X 10 
-102.73 X 10 
* 
5004 
5284 
5163 
5188 
5000 
5058 
5029 
5009 
5175 
5187 
* 
ｾｈ＠ (a) 
s 
(mean) 
5150 ± 140 
5056 ± 77 
5181 ± 11 
5220 ± 47 
(a) 
t 
All values are uncorrected for ionic strength effects of nitrate 
complexes 
' * 
(S) = presaturated with 0.5 M TBP in cyclohexane 
Taken from Table 2. 3 for 0. 492 M HN03 
i 
I 
- l 
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The data in Table 2. 8 shm\1" that the variation of 6.1-I with TBP and uo;+ 
s 
is insignificant, and the value of 6Hs in nitric acid solution without 
tri-n-butyl phosphate is also considered to be the same as the other 
values, within experimental error. So we may reach the conclusion that 
the interaction between TBP and ｕｏｾＫ＠ ion is small and can be neglected 
tmder these conditions. 
2 .1. 2 Heats of solution of uranyl nitrate hexahydrate in 
organic phase 
As mentioned in Section 2.1.1.3 , in order to study the enthalpy 
of transfer of uranyl nitrate hexahydrate from nitric acid solution 
to tri-butyl phosphate in cyclohexane, a series of experiments were 
carried out in aqueous solution; similarly, a series of experiments 
should also be carried out in the organic phase. However, the 
determination of heats of solution of uranyl nitrate hexahydrate in the 
organic phase, as mentioned before, is not as s:imple as in the aqueous 
phase because (i) the uranyl nitrate could not be dissolved in low 
concentration of TBP as rapidly as it could be dissolved in aqueous 
solutions, (ii) the amount of heat is small, (iii) in organic phases 
the heats associated with the empty ampoule are usually much higher 
than in aqueous phases (see p. 74), and (iv) it is difficult either to 
measure the ｾｳ＠ value in the saturated organic solution, or in the 
organic solution with composition similar to the saturated one. 
2.1.2.1 Attempted determination of heats of solution of uranyl 
nitrate hexahydrate in an organic phase 
(0.5 M TBP-cyclohexane) 
The heats of solution of uranyl nitrate hexahydrate in 0.5 M TBP-
cyclohexane saturated· with 0. 49 2 M nitric acid were measured, but by 
increasing the amount of uranyl nitrate hexahydrate in the saturated 
71 
organic layer, the shape of the ｴ･ｮｾ･ｲ｡ｴｵｲ･Ｍｴｩｭ･＠ trace changed (Fig. 2.3 
in comparison with Fig. 2.2), and it appeared that at high 
concentrations of uranyl nitrate hexahydrate in saturated solution 
more than one process was taking place, and it was difficult t.o 
calculate the heats. So, in this case, a series of experiments to 
determine the heats of solution of uranyl nitrate hexahydrate in organic 
solution with a composition similar to a saturated organic solution were 
carried out. 
2.1.2.2 Heats of solution of uranyl nitrate hexah 
organic phase containing water and nitric I) 
The amounts of water and nitric acid in 0. S M TBP-cyclohexane 
(organic phase) in equilibrium with nitric acid solution (aqueous phase) 
have been measured, and the results are given in Table 2. 9 (for 
composition of the organic phase see Section 3.4). The heats of solution of 
uranyl nitrate hexahydrate have been detennined in the organic phase 
with composition similar to saturated organic solution, and results 
are stnnmarized in Table 2 .10. 
TABLE 2_.. 9 Composition of organic phase saturated with aqueous phase 
Organic phase 
0.5 M TBP-cyclohexane 
saturated with 
0.492 M nitric acid 
Solubility of(a) 
water in 
organic phase 
1.237 g t -1 
(a) Gas chromatographic analysis (Section 3.4.1) 
(b) Spectrophotometric analysis (Section 3.4.3) 
Solubility of(b) 
nitric acid in 
organic phase 
-1 0.0215 mol t 
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It is seen from the data in Table 2.10 that the 6H values decrease 
s 
with increasing water concentration rmder all sets of conditions 
studied, and the bJ-Is value crumot be determined in an organic phase 
-1 
which contains more than 1. 494 g 2 water, because the shape .of the 
temperature/time trace will be similar to that of a saturated organic 
solution (as mentioned previously, see Fig. 2. 3). 
TI1e heats of solution, after correction for heat of mnpoule 
breaking, were extrapolated to zero concentration of uranyl nitrate by 
using least squares procedures. The results are given in Table 2.11. 
The values of the correlation coefficients of these plots correspond 
to significance much less than 10% (from Table VII of Fisher and 
Yates), 208 so the mean values were taken as standard l1eats of solution 
of U02 (N0 3) 2 6H20 in organic solution at zero uranyl nitrate 
concentration. 
The 6Hs(rnean)' Table2.ll,wereplotted against the amounts of water 
in the organic solution, ｆｩｧＮＲｾＴＮ＠ As can be seen in this Figure, either 
the A value which shows the amourits of water in saturated organic 
solution is correct and then the B value will be the amount of water 
in super saturated organic solution; or, the amount of water in the 
organic solution will increase in the presence of uranyl nitrate. 
However, the ｍｬｾ＠ value for points A, and B do not vary very much, so in 
this case the ｌｩｬｩｾ＠ value for point B has been chosen as a standard heat 
of solution of uranyl nitrate hexahydrate in 0.5 M TBP-cyclohexane 
which has been saturated with aqueous solution at 298 K for zero 
concentration of uranyl nitrate hexahydrate Ｈｾ Ｐ＠ = 1500 ± 500 cal mol- 1). 
si 
The o value (500) is an estlln.ated value. 
.... 4.0 I 
r-i 
ｾ＠
ｾ＠
u 
ｾ＠
011} 
ｾ＠ 2.0 
0.5 
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FIG. 2.4 Heats of solution of uranyl nitrate 
hexahydrate in organic solution as 
a function of water in organic 
solution 
I 
I 
I 
tA B 
1 1.5 
A. ·-·rfhe ·amoun·t of water in the presaturated 0. 5 M TBP '"rith 0. 492 M 
HN0 3 which has been determined by g. c. (see Section 3. 4 .1). 
without uranyl. nitrate in organic solution. 
B. The amormt of water in the organic solutions ,above which it was 
not possible to increase ti1e amount of water in organic solution 
in the presence of uranyl nitrate hexahydrate. 
2.1.2.3 Heat of ampoule breaking in organic solution 
The observed values for heat of ampoule breaking in different 
organic solutions, which have been detennined experimentally by breaking 
sealed, empty ampoules in the solution, are given in Table 2.10.The 
calculated values for solvent correction of distilled water and cycle-
hexane are shown in Table 2.12. The combination of two calculated values 
for solvent correction give the value near to the observed value for 
ＭＭＭＭＭＭＭＭＭＭＭＧＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＺＮＬ｟｟ Ｎ［Ｚ｟｟＠ ______ ___: ___ -- - --- -- -- ·- ---- . -
75 
TABLE 2.10 Heats of solution of uranyl nitrate hexahydrate in 0. 5 M 
TBP-cyclohexane containing water and nitric acid solutions 
cal mol- 1 at .298.15 K 
water HNOs UOz (N03) 26H20 (a) Mlo Qobs (b) 
Lilis s g .Q. -} . (M) g .Q.-l X 10 3 (mean) (mean n)cal 
47.24 8333 
47.24 8359 
83.24 7530 
83.34 7844 
120.46 4959 
120.46 5721 
120.46 7234 
120.46 7300 7050 ± 1010 46.49 X 10 -3 
121.07 7546 (n = 7) 
150.83 6401 
150. 83 6683 
182.22 7907 
182.22 7738 
200.43 7423 
200.43 7419 
233.66 6108 
287.65 5349 
46.42 2514 
81.70 2788 
93.87 2914 
o. 594 0.021 138.15 3197 2490 ± 500 48.00 X 10- 3 
197. 87 2494 (n = 6) 
212.18 1770 
301.97 1768 
45.90 2047 
98.98 1606 
1.094 0.021 143.10 2032 1870 ± 340 53.54 X 1Q -3 
191.50 1417 (n = 5) 
294.50 2250 
55.93 1544 
1.494 0.021 100 .. 73 1793 1520 ± 230 59.55 X 10- 3 
124.70 1233 (n = 4) 
149.70 1521 
(a) Heats of solution after ampoule breaking correction. 
(b) The mean value of observed heats of ampoule breaking in the 
or anic solut · · s 
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heat of ampoule breaking. It is seen from the data in Table 2.10 that 
the observed value for heat of ampoule breaking (Qobs) increases by 
increasing the amount ·. of water in organic solution. Meanwhile, the 
heat of ampoule breaking has been measured in pre-saturated organic 
solution with aqueous solution and the value has been found greater 
than the value which contains 1. 49 4 g R. -I water. The observed values 
for heats of ampoule breaking in different organic solutions, and also 
calculated ones, are given in Table 2.13. 
TABLE 2.11 Standard heats of solution of uranyl nitrate hexahydrate 
in 0.5 M TBP-cyclohexane. cal mol- 1 at 298.15 K (Method I) 
Water 
g R. -1 
0.549 
1.094 
1.494 
(a) 
(b) 
* 
Nitric acid mo mo 
s s (R)* 
(M) (a) (b) 
7050 ± 1010 8130 ± 860 -0.479 
0.021 2490 ± 500 3160 ± 357 -0.69 
0.021 1870 ± 340 1740 ± 300 0.229 
0.021 1520 ± 230 1650 ± 120 -0.102 
Standard heats of solution using mean value. 
Standard heats of solution using a least squares procedure. 
TI1e standard deviation (random error) has been calculated from 
standard errors of y values by using 
<J y = [I: (?t - (I: ｾｘＩ＠ l T ( 1 - R 2) ｾ＠
in which y is the m value and N is the number of measurements and 
R is the correlation coefficient using 
R = 
l: (:xy) - 1.: (x) 1.: (y) 
N 
Correlation coefficient 
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TABLE 2.12 Calculation of the correction values 
0 H298.15 X 106 c*= nlili0 p298.15 n Compound v v 
. -1 
-3 
mm Hg kcal mol mol an (cal) 
Cyclohexane 97.582 7.895 5.260 41.5 X 10- 3 
Water 23.730 10.520 1.276 13.4 X 10- 3 
* See Section 3.2.4. 
TABLE 2.13 Heat of ampoule breaking in organic solution 0. 5 M TBP-
cyclohexane containing H20 and HN03 
HN03 Water Q(observed) Q(calculated) = ccyclohexane + cwater 
(M) g ,Q, -1 cal cal 
46.49 X 10- 3 
0.021 0. 594 48.00 X 10- 3 
0.021 1.094 53.54 X 10- 3 (41.5 + 13.4) X 10- 3 
0.021 1.494 59.55 X 10- 3 
Presaturated 
with aqueous 64.00 X 10 -3 
phase 
78 
2.1.2.4 Heats of solution of uran 1 nitrate in or anic hase 
prepared from the equili rated organic phase Method II) 
It is necessary to measure ｴｨｾ＠ heats of solution of uranyl nitrate 
in different ｣ｯｮ｣･ｮｴｲ｡ｴｩｯＱｾ＠ of TBP-cyclohexane in order to Characterise 
the system fully. 
For the determination of heat of solution of uranyl nitrate in 
0. 25 M TBP in cyclohexane which has been saturated with aqueous solution, 
the composition of the saturated organic solution must be known. In 
this case, again a series of analytical measurements such as water and 
nitric acid analysis will be needed. In order to reduce the amount of 
ru1alysis it has been decided (i) to make up a 100% saturated solution 
by shaking the organic solution with the aqueous solution as mentioned in 
Chapter 3, Section 3.3.2.3 , (,ii) by preparing 50% and 73% 
saturated solution from 100% saturated solution by dilution, (iii) 
by correcting the amount of heat for heat of ampoule breaking straight 
from the resistance-temperature trace (internal correction, Fig. 2.5), 
(iv) by calculating the heat of $Olution from corrected time/ 
temperature traces (GCDE) for 50% and 73% saturated organic solution, 
and (y) by extrapolating the heats of solution of uranyl nitrate 
hexahydrate in 50% and 73% to 100% saturated organic solution, the 
· heats of solution in the organic phase saturated with the aqueous 
phase can be obtained. To confinn this new method of measurement, it 
has been decided to measure the heats of solution of uranyl nitrate 
hexahydrate in the same organic solution (0. 5 M TBP in cyclohexane) for 
which the standard heat of solution of uranyl nitrate has been already 
detennined. 
The heats of solution of uranyl nitrate in the organic solution 
prepared from the equilibrated organic solution are given in Table 2.14. 
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FIG. 2.5 Correction on resistance-time trace for heat of empty ampoule (internal correction) 
A 
(i) 
(ii) 
(iii) 
G 
D E 
- --- c 
B 
Time 
(ABCE) is the resistance-time trace for dissolution of solute 
in organic solvent and evaporation of diluent in empty ampoule. 
Line (GF) has been drawn parallel to (AB). 
(ABCF) is the resistance-time trace for the empty ampoule whicl1 
has been confirmed by breaking the sealed empty ampoule in 
organic solution so that BC is the ampoule breaking 
correction. 
(iv) (GCDE) is the resistance-time trace for dissolution-of the 
solute in organic solution. 
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TABLE 2.14 Heats of solution of uranyl nitrate hexahydrate in 0. 5 M 
TBP-cyc1ohexane prepared from equilibrated organic 
solution (Method II) 
Saturation Water 002(N03)26HzO (a) 
g .Q,-1 g .Q,-1 tJ-1 
l\1-Io (mean) 
% s s 
9.160 X 10-2 1940 
10.269 X 10-2 1040 
so 0. 74 7 14.576 X 10-2 2750 1908 ± 605 
15.270 X 10-2 1870 
18.833 X lQ-2 1940 
9.240 X 10- 2 1540 
13.9()() X 10- 2 1270 
73 1.090 15.410 X 10- 2 900 1052 ± 391 
16.410 X 10- 2 1050 
18.590 X 10- 2 500 
(a) Heat of solution after correction for heat of breaking ampoule 
Ｈｩｮｴ･Ｑｾ｡ｬ＠ correction). 
The ｾ Ｐ＠ values were plotted against % saturation of organic 
s . 
solution and extrapolated to 100% saturation, and plots were compared 
with the plots of ｾ Ｐ＠ against water (Method I). The two plots for 
s 
Methods I and II are shown in Fig. 2.6. As can be seen from this 
0 0 figure, ｾｳｩ＠ and ｾｳｩｩ＠ within ±500 cal are acceptable. Results are 
shown in Table 2.15. 
-I 
ｾ＠
0 g 
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TABLE 2.15 Standard heat of solution of U02 (NO:) 2 6H 2 0 in equilibrated 
organic solution by :f\1ethods I and II 
6.0 
Method 
I 
II 
M-1° cal rnol- 1 (a) 
s 
1500 = 500 
l(XX) ± 500 
(a) ｾ＠ and standard deviation (o) are estimated values. 
s 
FIG. 2. 6 Comparison of heats of solution by two methods 
(H20 g i - 1 ) 
0.5 1.0 1.5 
ｾ＠ 4.0 
ro 
u 
,.!:::: 
O_tf'l 
2.0 
50 
(% saturation) 
0 
lllis II 
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2.1.2.5 Heats of solution of uranyl nitrate hexahydrate in 
0. 25 M TBP using Method II 
Heats of solution of uranyl ｮｾ＠ trate hexahydrate have been measured 
in %50 and 75% saturated organic solution.(0.25 M TBP in cyclohexane); 
results are given in Table 2.16. As can be seen from the scattered data 
in Table 2.16, it is difficult to measure the heat since the time for 
dissolution of the solute is too long. Therefore this work was 
discontinued at this point. 
TABLE 2.16 Heats of solution of U02 (NOs) 26H20 in 0. 25 M TBP-cyclohexane 
prepared from equilibrated organic solution (Method II). 
-1 
cal mol at 298.15 K 
Saturation ill2(N0 3) 26H 20 (a) Lillo 1\Hs (mean) 
-I s % g i 
4.256 X lQ-2 3540 
6.737 X 10-2 4420 
7.830 X lQ-2 3390 
50 4017 ± 533 
8.970 X 10-2 4190 
9.390 X 10- 2 3798 
11.065 X 10- 2 4766 
7.145 X 10-2 4000 
7.145 X 10-2 2464 
75 7.545 X 10-2 4720 3575 ± 1610 
9.030 X 10- 3 5290 
18.780 X 10- 2 1405 
(a) Heat of solution after correction for heat of ampoule breaking 
(internal correGtion). 
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2.1.2.6 Enthalpy of transfer of uranyl nitrate hexru1ydrate from 
0.492 M nitric acid solution to 0.5 M TBP-cyclohexane 
As mentioned in Section 2.1, 0 p. 58, the ｾｴ＠ value can be 
calculated from 
= ｾｾ＠ (in 0.5 M TBP-solution) - Ｖｈｾ＠ (in 0.492 M HN0 3 
solution) 
Results are given in Table 2.17. 
TABLE 2.17 ｴｊＭｉｾ＠ obtained by direct calorimetric measurement 
!.' 0 
lilis 
HN03 
0. 492 M 
(a) 
5.220 ± 0.047 
kcal mol- 1 
TBP-cyclohexane 
(0. 5 M) 
(b) 
1.50 ± 0.5 
tfiO 
t 
kcal mol- 1 
-3.72± 0.5 
2.2 The distribution ratios of various components, TBP, H20 
and HN03 
Some preliminary experiments were necessary in order to (i) study 
the importance of changes in the concentrations of the components on 
extraction, and (ii) to prepare aqueous and organic phases for the 
calorimetric experiments. It was necessary to investigate the 
solubility of components as shown in Sections 2.2.1-2.2.3. 
2.2.1 Solubility of water in TBP-cyclohexane 
The solubility of water in tri -n-butyl phosphate in cyclohexane 
--- ---- - ··- -- ... Ｍｾ＠ .. ·-- ·· .. 
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has been measured by gas chromatographic method and results are given 
in Table 2.18. 
Solubilities of water in binary mixtures composed of TBP and 
various diluents have been measured by a number of different methods 
and under . t f "l"b t" d"t" 117,121,135,154,155,159,211-215 a var1e y o eqlil l ra lon con l 1ons. 
Some of the data and also the data of the present work are shown in Fig. 2. 7. 
Generally, the solubility of water is not directly proportional to the 
ester concentration in a diluent, but is sharply reduced when expressed 
in the units plotted in Fig.2.7. It is difficult to draw a firm 
conclusion relative to the effect of the diluent on the solubility of 
water in the organic phase. The effect is apparently similar, 
regardless of the structure of the TBP, as indicated by the data 
compiled in Table 2.19 for .different percentages by volume solutions of 
TBP. 
* TABLE 2.18 Solubility of water in TBP-cyclohexane at 298 K 
Aqueous 
solution 
Water 
0.492 M HN0 3 
* 
Solubiiity of water in TBP saturated with 
aqueous solution 
g .Q, -1 
. (% TBP) 
13.6 54.6 100 
1.735 25.14 57.39 
1.237 17.72 
Gas chromatographic analysis (Section 3.4.1) 
It is evident from past work on TBP solutions that no particular 
TBP:H20 stoiChiometry holds over wide concentration ranges. However, 
in view of postulations that aggregation occurs through the formation 
ＭＭＭＭＭＭＭＭ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭ ＭＭＭＭ ＭＭＭ ﾷ＠ .. 
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118 119 i30 of such species as TBP2CHz0) 2 , TBP 2H20 and (TBP)3(Hz0) 2 , 
development of Diamond 1 s }\bdel116 to include higher associates of TBP 
and H2 0 might be useful in the interpretation of the data. The 
solubility of v.•ater in neat TBP is definitely temperature depe;ndent. 
The existing infonna tion, ho"'rever, is not in good agreement, as sho\'\TJ'l 
in Fig. 2. 8. As could be expected, a11 important variable in the 
extraction of , .. 1ater by TBP is the pTesence o:f a diluent in the system. 
FIG. 2. 7 Variation of solubility of "''ater in TBP-diluent solutions 
ＢＧｾｩｴｨ＠ volume % of TBP in dry TBP-diluent mixture at 25°C. 
References: (a), 212 (b) ,(c), 214 (d), 215 (e), 214 F (present work) 
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FIG. 2. 8 Solubility of water in esters as a function of temperature. 
References: (a) ,217 (b) ,135 (c) ,216 (d).l30 
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The solubility of water in TBP-cyclohexane in the present of nitric 
acid in the aqueous phase has been measured also by ? gas chromatographic 
method and results are given in Table 2.18. The results show that the 
solubility of water in TBP-cyclohexane is decreased in the presence of 
nitric acid. The solubility of water in 2 M TBP-cyclohexane is 
-1 -1 17.72 g i -as compared to 1. 237 g i in 0. 5 M TBP-cyclohexane in the 
presence of 0.492 M ｮｾｴｲｩ｣＠ acid solution. 
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Ntnnerous studies have dealt "Y.ri th the water content of the TBP 
h lt . ± th .... t. of nl'trl·c .dl26,139,154,155,159,212,215, \ p ase resu lng ram e ･ｸｾｲ｡｣＠ 10n ac1 . 2lc-226 : 
Typical data on the water content in the equilibrium organic 
phase are shown in Fig. 2. 9 for tmdiluted TBP. To explain this and 
similar water-content results, the existence of a number of various 
species has been postulated. Since the water content may decrease, 
remain constant or increase vti th transfer of acid depending on the 
TBP-to-diluent. ratio and the nature of the diluent, the presence of 
water does not appear to affect the reaction of nitric acid ｾｾｴｨ＠ either 
TBP H 0 I d d th . 1 212 f th . . ,.. TBP or · 2 . n ee , a ma .... ernat1ca treatment o e rnaJOrlty OI 
the li terattrre data is consistent ,.,rith the interpretation that HN0 3 
Thus, at lo\.Jer acidities, 1-.rhere the ,,Tater content falls steeply, 
obviously hydrated species give place to tmhydrated species. Nitric 
acid may replace water from TBP·H 20 to increase the fraction of 
TBP·HN0 3 • At higher acidities, in the region of HN0 3 : TBP > 1, the 
water content increases, ｭ｡ｩｮｴ｡ｾｾｮｧ＠ an acid:water ratio of roughly 
3:1, the same ratio as that at the minimum water-content point. 
FIG. 2.9 Extraction of water into TBP from nitric acid solutions. 
References: (a) , 227 (b) ,154 (c) ,155 
Q. 
ｾＲ＠
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2.2.2 Solubility of TBP in water 
The solubility of TBP in water and nitric acid solution has been 
measured by the gas chromatographic method, and results are given in 
Table 2. 20. 
TI1e solubility of TBP in water from TBP-diluent mixture .. or, more 
precisely, ti1e distribution of TBP between Ｑｾ｡ｴ･ｲ＠ and various water 
. . 'b . 1 h . 1 b . . dl09 ,129,155,159' 1nnm.sc1 le organ1c so vents, as prev1ous y een 1nvest1gate . l66 228 
' 
Some of the graphically presented results120 have been reproduced by 
Marcus 13 and are shown in Fig. 2.10 as a function of the volume fraction 
of the dry TBP-diluent solution prior to contact with water. For some 
other diluents (not shown in Fig.2.10),e.g. ｃｃｾＴＬ＠ kerosene, cyclohexane 
(as present work), solubility data have been tabulated and shown in 
Fig. 2 .ll and Ta,ble 2. 21. 
TABLE 2.20 Solubility of TBP .in aqueous solution at 298 K 
..., 
Aqueous 
solution 
Water 
0.1 M HN03 
0. 492 M HN03 
Solubili.ty of TBP in aqueous solution 
g R,-1 
13.6 
0.0922 
0.0909 
0.0786 
(.% TBP) 
54.6 
0.1381 
0.1222 
90 
TABLE 2. 21 Solubility of TBP in water 
Volume 
fraction 
TBP 
1 
0.5 
0.3 
0.1 
o. 5 
0.3 
0.1 
0. 55 
0.136 
100.0% 
50.0% 
30.0% 
10.0% 
50.0% 
30.0% 
10.0% 
54.6% 
13.6% 
TBP 
TBP in CCJl,'+ 
TBP in CCR.4 
TBP in CCJl,'+ 
TBP in kerosene* 
TBP in kerosene 
TBP in kerosene 
TBP in cyclohexane 
TBP in cyclohexane 
Solubility of TBP in water 
(g/Jl,) 
0.41 (Alcock et al, 1956) 
0.39 (Burger & Forsmann, 1951) 
0.10 (Burger, 1957) . 
0.04 (Burger, 1957) 
0.02 (Burger, 1957) 
0.38 (Alcock et al, 1956) 
0.32 (Alcock et al, 1956) 
o. 22 (Alcock et al, 1956) 
0.14 (Present work) 
0.09 (Present work) 
* 
'Odourless' kerosene, boiling range 195-262°C 
FIG. 2.11 Solubility of TBP in water from diluent solution as a function 
of volume fraction TBP in the organic phase 
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FIG. 2.10 Solubility of TBP in water from diluent solutions as a 
function of volume fraction TBP in the organic phase228 
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The effect of mineral acids in the aqueous phase solution upon 
the solubility of the TBP is generally more complicated. 
Fig.2.12shm,..·shydrochloric, nitric and p.l)osphoric acid decrease 
the aqueous solubility of TBP at lo"'' concentrations. At high acid 
concentrations, however> the solubility begins to rise and eventually 
exceeds the solubility in water alone. 
From the results in Table 2. 20 it can be deduced that the solubility 
of TBP-cyclohexane is.decreasing with increasing nitric acid concentration, 
and increasing with increasing TBP concentration. 
--
92 
FIG. 2.12 Solubility of TBP in aqueous acid solutions. References: 
(a),(b),(c),l57 (d),l66 Ｈ･ＩｾＳＰ＠ (£),229 (g),l55 (h).230 
2 6 8 10 ｉｾ＠ 14 
Acio moJoril)' 
Only a small amount o£ data is available relative to the temperature 
. 157 166 217 effect on the solubility of esters 1n ｾ｡ｴ･ｲＮ＠ ' ' Fig. 2.13 shows 
the effect of temperature on the solubility of tributyl phosphate. 
FIG. 2.13 Solubility of TBP and TBPO in water at various temperatures. 
References: (a), 155 (b), 217 (c). 157 
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2.2.3 The extraction of nitric acid by tri-n-butyl phosphate 
2.2.3.1 The system TBP +.cyclohexane + H20 + HN0 3 
TI1e distribution of nitric acid into TBP solution (organic phase) 
has been measured (Seetion 3.4.3)-ru1d results are given in Table 2.22. By 
increasing the TBP and nitric acid concentration the distribution 
coefficient of nitric acid was increased. TI1e most interesting feature 
in acid extraction by TBP is its capacity to extract nitric acid well 
over an acid-to-ester ratio of unity. This excess over a 1:1 ratio 
becomes proportionally larger as the concentration of the TBP increases 
in the diluent. One has now the choice of interpreting the experimental 
data as dissolved, hydrated or unhydrated nitric acid in the TBP-nitric 
acid complex, or of postulating additional solvates of nitric acid 
containing two or even three acid molecules per molecule of TBP. 
TABLE 2. 22 Variation of the distribution of nitric acid with 
TBP solution at 298 K 
HN0 3 initial 
(M) (aqueous) 
0.101 
0.492 
Distribution coefficient of HN03 with TBP % 
13.6 
0.045 
54.6 
0.105 
o. 367. 
100 
0.212 
0.549 
In this connection, the question of alkoxy-oxygen participation 
in extraction is ｢･｣ｯｾｮｧ＠ important. The question has frequently been 
touched upon and it seems that alkoxy oxygens in phosphates do not 
provide a .coordinatiqn site in the extractant molecule, and they do 
not have acid-binding properties. TI1e extractability of acids by an 
ester depends on factors sudh as the acid strength, size and hydration 
----------'--------------------'--------·-·. --· - .. . 
94 
of the anion. The order of extractability depends apparently on the 
acid concentration in the aqueous phase. With tributyl phosphate231 
the order of extractability is: oxalic- acetic> HCi04 > HN0 3 > H3P04 > 
HCi > H2S04,which is roughly .the order of hydration energy of _the anion. 
Such comparison is unlikely to be factual. Distribution ratios of acids 
should only be compared when acids have the same sol vat ion and hydration 
state in the organic phase. TI1e distribution of nitric acid between 
the aqueous solution and TBP has been studied more extensively. 53 , 92 , 96 
104,126,140,144,146,147,150,151,154,155,159,162,215,220-225,227,231-252 
The extraction of nitric acid by TBP is a complex phenomenon ill 
the entire concentration range of both solutes. The interpretation of 
distribution data by various authors suggests that TBP tends to 
saturate at a one-to-one ratio with nitric acid. Under the majority of 
e:A.1Jerimen tal conditions used, however, more acid is forced ill to the organic 
phase when in equilibrium \vith sufficiently concentrated aqueous acid, 
w1til finally a 96% nitric acid becomes completely nriscible with 
undiluted TBP. As mentioned, ｴｨｾ＠ form ill which the excess acid exists 
in the organic phase is in dispute. 
McKay and co-workers 134 have detennined the partition of nitric 
acid between water and TBP ill kerosene at 293 K, and results are 
presented in Fig.2.14. Rozen et a1104 in 1957 folllld that in the 
acidity range up to 2.5 M the mean value of partition of nitric acid, 
ｾＬ＠ is thrice that of the one reported by McKay. 
in Fig. 2.15 
2.2.3.1.1 Effect of temperature 
Results are given 
. 239 In 1960 Shevchenko et al studied the effect of temperature on 
the partition coefficient (K) of nitric acid, and results are given 
95 
FIG. 2.14 Partition of HN0 3 between water and TBP in kerosene. 13 , 215 
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FIG. 2.15 Distribution of nitric acid (experimental data). 
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in Fig. 2.16·. · They find that K falls as the· ｴｾｭｰ･ｲ｡ｴｵｲ･＠ increases. 
Weaver et a1 253 have found that K is virtually constant for acidities 
over 10 M, and that result probably holds good down to 5 M or so, the temp-
erature coefficient being small if the initial acidity is over 3 M. 
FIG. 2.16 Nitric acid partition coefficient as a function of 
temperature (1.47 M TBP) 
50 
HN0 3 (M) 
3.0 
1.7 
0.5 
100 
184,254 
Rozen et al have pointed out that a change in temperature 
over 20 to 70°C has no appreciable effect on the distribution of nitric 
acid. 
The distribution of nitric acid between water and 0.5 M TBP in 
cyclohexane in the presence of varied, known concentrations of uranyl 
nitrate hexahydrate, has been determined (Section 3.4.3), and the results 
presented in Table 2. 23. The distribution coefficient of nitric acid 
co-existing with uranium decreases gradually with the increase of the 
uranium concentration of the aqueous phase. 
97 
TABLE 2.23 Variation of the distribution of nitric acid ｾｾｴｨ＠ 0.5 M 
TBP (13.6%) in the presence of U02(N03)26H20 
0.0125 0.025 
0.492 0.091 0.088 
Healy and McKay255 claimed that ·a molecule of uranyl nitrate displaces 
two of nitric acid under suitable conditions. This is expected from the 
formulae U02 (N0 3 ) 2 2TBP and HN0 3TBP if there is no reaction. 
Naito182 in 1960 found that the distribution coefficient of nitric 
acid co-existing with uranium decreases gradually with the increase of the 
uranium concentration in the aqueous phase, but in the case v,rhere the nitric 
acid concentration is low the distribution coefficient of uranium reaches 
a maximum value and then decreases gradually. The influence of the nitric 
acid concentration in the aqueous phase on the distribution coefficient of 
nitric acid is marked v.rhen the uranium concentration is low. However, this . 
ifu""1.uence becomes smaller v.ri th the increase in the uranium concentration 
in the aqueous phase (Fig. 2.18). 
FIG. 2.18 The distribution coefficient of nitric acid coexisting with 
uranium. 
o.u 
ll!l_ _____ .;...,__ ________________________ ------ . 
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2.2.3.2.1 Effect of temperature 
The distribution coefficients of HN03 using different concentrations 
of TBP and HN03 have been measured ·by other workers at different temperatures, 
and it has been reported180 >184 ,187 , 254 , 256 that temperature has only 
a slight effect on the distribution coefficient of HN0 3 • Rozen et all84 
have studied the temperature effect on distribution of nitric acid in 
the presence of uranyl nitrate and showed that the nitric acid content of 
the organic phase increases with temperature, because the uranyl nitrate 
distribution coefficient falls with a rise in temperature, increasing the 
concentration of free tributyl phosphate, and therefore an increase in 
the amount of acid extracted becomes possible. 
Fig. 2. 19 sh0\-.7S the distribution of nitric acid between the aqueous 
and organic solutions in relation to the uranyl nitrate concentration 
in the organic phase a11d the temperature. 
FIG. 2.19 Effect of uranyl nitrate concentration in ｾＱ･＠ organic phase 
on nitric acid extraction at temperatures of: (a) 20°; 
(b) 4D0 ; (c) 70°. HNOs concentration in equilibrium aqueous 
phase 0'1): (1) 1.0; (2) 2.0: (3) 4.0; (4) 6.0; (5) 8.0. 
0.8 a O.J . b 
O.f O.G 
..._ ｾ＠ 0.4 ｾＰＮＱＱ＠
ｾ＠ ｾ＠
0.2 o:z 
I 
'I 
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As the figures show, the nitric acid content of the organic phase 
falls approximately linearly with an increase in the uranyl nitrate 
concentration in the same phase. Figs. 2. 20-2.22 give the relation of the 
nitric acid distribution to the temperature and uranyl nitrate content 
with a constant acidity of the aqueous solution. As these figures show, 
an increase in the metal concentration in the equilibritnn aqueous 
solution leads first to a sharp fall in the amormt of nitric acid in the 
organic phase, and then with a uranium concentration in the aqueous 
solution of 100 g S!,- 1 and above, the nitric acid content hardly changes. 
2.3 Detennination of thennodynamic functions for the extraction of 
uran 1 nitrate from nitric acid solution to TBP-cyclohexane 
temperature coefficient method 
The ｴｨ･ｲｭｯ､ｾＱ｡ｭｩ｣＠ properties of extraction of uranyl nitrate 
hexahydrate from nitric acid solution to TBP were studied from the 
temperature dependence of the equilibriwn quotient for the distribution 
reaction. 
2.3.1 Distribution of urru1yl nitrate hexahydrate and temperature 
effect 
A large number of papers have been published on the distribution of 
uranyl nitrate and nitric acid in extraction with a solution of TBP in 
saturated ｨｹ､ｲｯ｣｡ｲ｢ｯｮｳｾ Ｒ Ｌ ＱＰＴ Ｌ ＱＴＳ Ｌ ＲＵＴ Ｌ ＲＵＷ Ｌ ＲＵＸ＠ In the present work, 
the variation of the distribution coefficient (Du) of uranyl nitrate 
hexahydrate ｢･ｵｾ･･ｮ＠ nitric acid solution and Ｎｾ＠ TBP-cyclohexane system, 
as a function of temperature (in the range 25-60°C) has been studied in 
order to make a valid comparison with ti1e results obtained by direct 
calorimetry. 
FIG. 2.20 Effect o£ uranyl 
nitrate concentration in 
equilibrium aqueous solution 
on nitric acid extraction at 
t = 20°. Nitric acid concen-
tration (M) in equilibritnn 
aqueous solution: (1) 0.5; 
(2) 1.0; (3) 2.0; (4) 5.0; 
(.5) 6. 0; ( 6) 8. 0 
100 
FIG. 2.21 Effect of uranyl nitrate 
concentration in equilibrium aqueous 
solution on nitric acid extraction 
at t = 40°. Nitric acid concen-
tration (M) in equilibrit.nn aqueous 
solution: (1) 0. 5; (2) l.Q; (3) 2.0; 
(4) 4.0; (5) 8.0. 
ﾷ］ＭＭＭＭｯＺＭＭＭＭｾｊ＠ ｾ＠
ｯＭＭＭＭｾＭＭＭＮｯｯ＠ ?. 
JOO 
FIG. 2.22 Effect of uraDyl nitrate concentration 
in equilibrium aqueous solution on nitric acid at 
t = 70°. Nitric acid concentration (M) in equili-
brium aqueous solution: (1) 0.5: (2) '1.0; (3) 2.0; 
(4) 4.0; (S) 8.0. 
A comparison of the curves in Figs. 2.20-2.22 (for temperatures of 
20°, 40° and 70°) ｳｨｯｷｾ＠ that the nitric acid content of the 
organic phase increases with temperature 
---------·---- ·--------- -·---- --- ·- ····-· -
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2.3.1.1 Extraction of uranyl nitrate hexahydrate in nitric 
acid (0.492 M) with 0. 5 M TBP in cyc1ohexane at 298 K 
The variation of Du of U(VI) in the 0.492 M nitric acid, TBP, 
cyc1ohexane system, has been measured and the results are given in 
Table 2. 24. It is seen that the distribution coefficient of uranium is 
nearly constant in that range of concentration. 
TABLE 2. 24 Variation of distribution coefficient of U(Vi) with uranyl 
nitrate hexahydrate 
HN03 
(M) 
0.492 
(N.Q 
6.860 X 10- 4 
1.137 X 10- 3 
3.290 X 10- 3 
9.790 X 10- 3 
2.005 X 10- 2 
4.876 X 10- 2 
D = [U]org TBP-cyclohexane 
u [UJaq CN.O 
1.159 
1.190 
1.180 
0.5 
1.130 
1.180 
1.150 
182 Keiji Naito has pointed out (i) that the distribution coefficient 
of uranium is constant when the uranitnn concentration is low and the 
nitric acid concentration is kept constant. On the other hand, when 
nitric acid is absent, a constant distribution coefficient cannot be 
obtained; (ii) the uranium concentration in the organic phase increases 
with the uranitnn concentration in the aqueous phase and reaches a constant 
which corresponds to the uranium concentration of U02 (N0 3 ) 2ZTBP in the 
organic phase as pointed out by ｾ｢ｯｲ･Ｌ ＲＵＹ＠ although this point is not 
reached in the present study; and (iii) the distribution coefficients of 
uranium increase with the nitric acid concentration in the aqueous phase 
----------------·-- -·----· -----·--·-·- . ··- -· --·--- -· ·-· ··-· .. 
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and reach a max:irm.ml value, and then decrease gradually. Fig. 2. 23 
shows the influence of nitric acid concentration upon the distribution 
coefficient of uranium at various uranium concentrations. 
FIG. 2.23 Influence of nitric acid concentration upon the distribution 
coefficient of uranium at yarious concentrations 
2.3.1.2 Variation of distribution coefficients of uranyl 
nitrate with HN03 and TBP concentration 
The distribution coefficients (Du) data obtained for the extraction 
of U(VI) as a ftm.ction of HN0 3 and TBP concentration at constant 
temperature (298 K), are summarized in Tables z.zs·and 2.26. It is seen from the 
data in this table that the Du values increase with increasing HNO 3 and 
TBP concentrations under constant uranium concentration (6.8627 x ＱＰＭｾ＠ MQ. 
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TABLE 2.25 Variation of distribution coefficient of U(VI) with 
TBP concentrations at 298 K 
D of U(VI) 
u 
HN0 3 
(M) TBP-cyc1ohexane (M) 
0. 25 0.50 0. 75 1.00 
0.492 0.354 1.156 1.775 2.737 
TABLE 2. 26 Variation of distribution coefficient of U(VI) with 
HN0 3 concentration at 298 K 
TBP-
cyc1ohexane 
(M) 
0.5 
2.3.1.3 
0.492 
1.156 
Du of U(VI) 
HN0 3 (M) 
1.5 2.5 4.0 
5.691 9.005 12.539 
effect on the distribution coefficient 
TI1e distribution coefficient (Du) data obtained for the extraction 
of U(VI) as a function of TBP and HN03 concentrations at different 
temperatures are summarized in Tables 2.27-2.29. It is seen from 
the data in these tables that the Du values decrease with increas:ing 
temperature under all sets of conditions studied. · 
From the results- in Table 2.27 it . cru1 .be noticed that the variation of 
Du by increasing :initial uranyl nitrate hexahydrate is very small, but 
--- - - ----------------------=-----"--- --'-- ·· ·-- -- - -- -
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as was mentioned before, this variation will increase with the nitric 
acid concentration, Fig. 2.23. The data in Table 2.27 cannot be compared 
with other values, since the diluent and concentration of extractant 
are not the same. 
TABLE 2. 27 Variation of the distribution coefficient of U(VI) with 
temperature (0.492 M HN0 3 , 0.5 M TBP-cyclohexane 
D of U(VI) u 
Temp 
(K) Initial U02(N03)26H20 (mol ｾＭ Ｑ Ｉ＠
4.8226 X 10-2 6.8627 X 10-4 3.4553 X 10-4 
298 1.156 1.159 1.1629 
303 0.9486 1.090 0.956 
313 0.8338 0.8431 o. 8152 
323 0.6186 0.6552 0.6750 
333 0.5125 0.5326 0.5382 
TABLE 2. 28 Variation of distribution coefficient (D ) of U(VI) with 
TBP and 0.492 M HN0 3 at different temperMtures 
Temp 
(K) 
298 
313 
323 
333 
0. 25 
0.354 
0.2458 
0.180 
0.130 
Du of U(VI) 
-1 TBP in cyc1ohexane mol t 
0.50 0.75 
1.159 
0.8431 
0.6552 
0.5326 
1.775 
1.28 
0.967 
o. 7968 
1.00 
2.737 
ＲｾＰＶＳ＠
1.688 
1. 297 
•- --------"'-----"-----------__:_ ______ ___:_ _____ - --
lOS 
TABLE 2. 29 Variation of distribution coefficient D of U(VI) with 
0.5 M TBP-cyclohexane and HN0 3 solutionuat different 
temperatures 
Temp 
Du of U(VI) 
Initial U02 (N0 3)26H20 
mol £- 1 
Initial l..D 2 (N03). 2 6H 20 
mol £- 1 · 
(K) 6.8627 X ＱＰＭｾ＠ 4 . 6 2 9 5 X 10-
2 4 . 806 5 X 10- 2 
Nitric acid ool .t- 1 
0.492 1.50 2.50 4 .oc 
298 1.159 5.691 9.005 12.539 
313 0.843 4.1168 7.046 9.225 
323 0.655 3.22 5.240 6. 729 
333 0. 532 2.675 3. 715 5.312 
2. 3 .1. 4 Ca1rulation of the enthalpy of transfer of uranyl nitrate 
from nitric acid solution to TBP-cvclohexcne 
(by temperature coefficient method) 
, By applying a thennodynamic relation for the reaction (l) which 
th 259-261 has been examined quantitatively by many au ors, we obtain 
eqn. (2) 
(aLnK. /3T) = ｾＯｒｔ Ｒ＠
u p 
where the equilibritnn constant K0 is given by eqn. (3) : 
Ku = [U02(N03)22TBP] ＨｕＰｾＫ｝Ｍ Ｑ＠ [N0;)- 2 [TBP]- 2 
(1) 
(2) 
f f- 1 f- 2 f- 2 
U02(N03)2ZTBP uoi+ NO; TBP (3) 
where f's are the activity coefficients of respective species. Neglecting 
activity coefficients, the concentration constant is 
------ -- ·---· ·-··--· ·-----· . 
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2+ Various species of U(VI), present in the aqueous phase, are U02 , 
(4) 
Now, if Cu is the total concentration 
of U(VI) in the aqueous phase at equilibrium, it can be shown that: 
(5) 
,,rhere Sn is the overall concentration· stability constant for tJ1e complex 
U02 ＨｎＰ Ｓ ＩｾｚＭｮＩＫ＠ fanned by the reaction given by Eqn. (6): 
(6) 
From Eqns. (!+) and (,5) , Eqns. (7) and (.8) follow: 
K = (7) 
Cu[N0;] 2 [TBP] 2 
K = (8) 
TI1e distribution coefficient of HN0 3 , using different concentrations 
of TBP and HN03, are not very much temperature ､･ｰ･ｮ､･ｮｴｾ Ｔ ＬｬｓｏＬｬｓＷＬｚＵＴＬＲＵＶ＠
It is reasonable to assume that the equilibritnn concentrations of nitrate 
ion in the aqueous phase and free TBP in the organic phase would remain 
practically unchanged over the temperature range studied. If the value 
n 
of the tenn (1 + L 6 [N0;] 11) does not change significantly with 
1 n 
temperature in the range of temperature studied, the van't Hoff's equation 
in the fonn given by Eqn. (9) can be used to calculate the enthalpy of 
transfer of uranyl nitrate from nitric acid to TBP solution. 
ＭＭ ＭＭＭＭＧＭＭＭＭＭＧＭＭＭＧＭＭＭＭＭＭＭ ＭＭＭＭ ＭＭＭＭ ｾ ﾷ Ｍﾷ＠ -- - - ·----· ｾＭＭ
.......------ ----------- --------··· ···-----·----· ... 
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(9) 
The Du data obtained by using different concentrations of TBP and HN03 
were plotted as logDu against (1/T), and are shown in Figs. 2. 24 and 2. 25. All 
the plots were linear which is in agreement with the expected behaviour 
from Eqn. (9) . The values of LlH along with their precision as obtained from 
these plots using least squares procedure are given in Tables 2. 30 and 2. 31. 
It is assumed that the activity coefficient function in Eqn.(3) would 
remain constant over the temperature ·range at given TBP and HN03 
concentrations. 
TABLE 2. 30 Enthalpy values obtained for the extraction of U(VI) at 
different concentrations of TBP 
HN03 ＭｾＬ＠ kcal mol-
1 
at different TBP Ｈｾｾ＠
(M) 0.25 0.50 0. 75 1.00 
0.492 5.64 ± 0.45 4.57 ± 0.26 4.60 ± 0.25 4.14 ± 0.30 
TABLE 2. 31 Enthalpy values obtained for the extraction of U(VI) at 
different concentrations of HN0 3 
TBP-
-m, kcal mol -1 at different HN0 3 (M) 
cyclo-
hexane 
(M) 0.492 1.5 2.5 4.0 
0.500 4.58 ± 0.26 4.30 ± 0.34 4.91 ± 0. 54 4.88 ± 0. 24 
The random errors in Tables 2. 30 &:2. 31 were calculated from the 
standard errors of sl.ope by using 
---------- ----- -· · --·· -- . 
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FIG. 2. 24 Distribution coefficient (Ln· ·_ nu) as a function of temperature 
TBP (M) 
1 1.0 
0.75 
0. 50 
0 
0. 25 
-2 
3.0 3.1 3.2 3.3 (f) x 10 3 K 
FIG. 2.25 Distribution coefficient (Ln Du) as a fnnction of temperature 
HN03 , (M) 
4.00 
2.50 
2 
1.50 
1 
0.492 
0 
-1 
3.0 3.1 3.2 3.3 
= 
2o y 
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in which oy is the standard error of the y value, and this has been 
described in Table 2.11. 
From the data given in Table 2. ｾＰＬ＠ it is .: s.een that LlH values vary 
when the concentration of TBP is varied at constant HN0 3 concentration. 
The overall enthalpy change (llH) in the extraction consists129 ,189 of 
enthalpy changes associated with (a) the dehydration of the uranyl ion 
(&h), (b) the formation of neutral extractable complex of the uranyl 
ion Ｈｾ Ｒ ＩＬ＠ and (c) the dissolution of the neutral complex in the organic 
phase (M-! 3). The magnitude as well as the sign of Lill, therefore, depends 
on the contribution from tJ-!1 ,tJ-12 and Mig. 
\AJhen the aqueous phase HN0 3 concentration is kept constant, it may 
be assumed that M1 1 and .&!2 remain unchanged. However, lili 1 would change 
with d1anges in the concentration of HN03 as the water activity 
d 262 . tl . . HNO . . h d ecreases Wl 1 lncreaslng 3. concentratlon, Wlt consequent ecrease 
in the hydration of U(VI). Also, Lill 1 may depend upon the degree of 
formation of 002NO; since either this ion or ｕｏｾＫ＠ may be dehydrated and 
subsequently give UOz (N03) z2TBP. At constant .HN03 concentration, Nh 
remains constant irrespective of variation of the TBP concentration. 
6H2 also remains unchru1ged because UOz(N03)z2TBP is the only species 
fanned in all cases. LlHz may vary with HN0 3 concentration if 
U02 (N03) 2 2TBP can be formed from either uo;+ or U0 2NO;. But Lill 3 would 
mange' and the change in &I' with the mange in the concentration of 
TBP can be entirely attributed to the d1anges in &-! 3 alone. It seems 
likely that this is true as we have fotmd that the addition of TBP has 
no effect on the heat of solution of U02 (N0 3) 2 6H 20 in nitric acid. 
110 
189 Bagawde et al _ have suggested that the heat change associated with 
the dissolution of the neutral complex into the organic phase (M-1 3 ) is 
positive, as work is required to disrupt the arrangement of the TBP 
and TBP·HN0 3 dipoles for the dissolution of the bulky neutral .complex 
molecule U02 (N0 3) 2 2TBP. As the concentration of TBP decreases, the 
amount of HN0 3 in the organic phase decreases and hence less ｜ｾｊｯｲｫ＠ would 
be required to disrupt the arrangement of TBP and TBP·HN03 dipoles. 
ｬ｜ｾＱ･ｮ＠ the aqueous HN0 3 concentration is varied keeping the concentration 
of TBP constant(Table2.31),&-1 1 changes as discussed above, &I 3 would 
not, however, remain constant at constant TBP concentrations as the 
organic phase composition changes due to the extraction of HN0 3 , :with 
varying aqueous phase HN0 3 concentration. It is, therefore, difficult 
to attribute the variation in overall enthalpy change, but from the data 
given in Table 2. 31 it is seen that m values vary insignificantly when 
the concentration of HN0 3 is varied by keeping TBP concentration 
constant. TI1is suggests in our case that changes in Lili 1 or Lili 2 with 
variation of the HN0 3 concentration are ｩｮｳｩｾＱｩｦｩ｣｡ｮｴＮ＠ Bagawde et all89 
fdtmd an increase wi tl1 HN0 3 concentration at low TBP concentration (2. 5%) 
but decreases at high TBP concentration (30%). At the same concentration 
as in the present work (15%), approximately constant values were found. 
Bagawde et a1189 have suggested, when the TBP concentration is very 
low, that the amount of HN0 3 extracted into TBP would be very small and 
can be considered negli.gible _for all the concentrations of HN03 used. 
In such a case, as the composition of TBP does not vary appreciably, 
6H 3 can be assumed to be approximately constant. Hence the changes in 
Lili values can now be attributed to the changes in &-h alone with 
decreasing concentration of HN0 3 , as the hydration of U(VI) ion 
increases, tJI 1 , the endothennic enthalpy changes associated with the de-
hydration would increase with the result that the overall enthalpy 
111 
d1ange ＨｾＩ＠ is less exothermic. 
2.3.1.5 Deternunation of Gibbs energies of extraction 
The Gibbs energy change can be calculated if one calculates the 
value of K from Eqn. ;._ 8:. ｾ＠ _ . . To enable such calculation, it is necessary 
n 
' - n to evaluate the tenn (1 + L f3n[N03] ). 
1 
TI1is can be evaluated from the 
values of f3 . As the values of f3 are not available at all ionic 
n n f3 
strengths used, therefore the values of (1 + L ｂｮ｛ｎｏｾ｝ｮＩ＠ have been taken 
1 187 from Ref.l89 in which they have been measured by an exchm1ge method, . 
(Table 2. 32) . As can be seen from the data in this table, the value of 
n 
(1 + I f3 [NO;]n) at two ｴ･ｮｾ･ｲ｡ｴｵｲ･ｳ＠ (25°C and 60°C) has been found to 
1 n 
be 1. 26. Thus the assumption made earlier that the value of the tenn · 
n 
(1 + L S [NO;]n) Ｑｾ･ｭ｡ｩｮｳ＠ unchanged with temperature appears to be valid. 
1 n 
n 
TABLE 2.32 Detennination of (1 + L sn ｛ｎｏｾ｝ｮＩ＠ by cation exchange 
(Temp. 298 K) 1 
Acid 
(M) 
0.1 1.0 
o. 25 1.04 
0.50 1.15 
1.0 1.26 
1.0 1.26-r 
* 81 = 0.2, 82 = 0.05, Refs. 207,263 
t Temp = 60°C 
n 
(1 + L Bn [NO;] n) 
1 
Calculated* 
1.02 
1.053 
1.113 
1.25 
1.25 
-------------------------·· --- ..... -----·-·· .... ... . 
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The values of K calculated from Eqn. 8 for different 
concentrations of TBP are given in Table 2.33. 
TABLE 2. 33 Values of K (_a) with different TBP concentration at 29.8 K 
TBP 
(M) (M) 
0.25 26.04 
0.50 21.31 
0.492 
0.75 14.50 
1.00 12.58 
(_a) K, units £4 mol-4 • 
ｾ＠ -1 -1 Kcal mol kcal mol · 
-1.94 -5.64 
-1.81 -4.57 
-1.59 -4.60 
-1.50 -4.14 
-1 -1 
cal K mol 
-12.40 
- 9.26 
-10.10 
- 8. 80 
The data show that the values of K do not remain constant and this 
may be due to neglecting the equilibrium constant for the reaction given 
by Eqn. 10·. and the changes in the activity coefficients of the 
various species involved. 
+ -H + N0 3 + TBP ｾ＠ HNOsTBPorcr aq aq org o (lO) 
However, the value of the equilibriurn constant for reaction 10 has 
264 265 been reported ' to range from 0.15 to 0.20; as the HN0 3TBP is 
very small its value calculated by assuming any value of the equilibrium 
constant between 0.15 and 0.20 does not change significantly. The value 
of free energy and entropy changes were calculated from Eqns .. 11 and 12 .. 
ｾｇ＠ = -RTLnK (11) 
ｾｇ＠ = ｾＭｔＶｓ＠ (12) 
._ _______________________ _.__ ___________ _ 
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An attempt was also made to calculate thennodynamic values for equilibrium 
constants using Eqn. (3) and combining the aqueous phase activity 
coefficients we find: 
where fuo2(N0 3 ) 22TBP' fTBP and fuo2(N0 3 ) 2 are the activity coefficients 
of U0 2 (N0 3 ) 2 2TBP, TBP in the organic phase and U02(N03)2 in nitric acid 
solution (aqueous phase) respectively. 
The activity coefficient of disolvate was assumed to be equal to 
the activity coefficient of TBP in the organic phase. 'I11ere is some 
"d 267 h h" b h Th f K h ev1 ence t at t 1s may not e t e case. e values o u t us 
calculated are given in Table 2. 34. It is seen from the data in this table 
that the values of Ku are not constant. In approach (b), the activity 
coefficients of U02(N0 3) 2 were measured267 in the presence of IiN03. 
In approad1 (c) it was assumed that: 
= 
This formula gives fU0 2(N0 3 ) 2 = 0.537 (Davies equation). This activity 
coefficient does not lead to constant K values (Table 2.34). We do not 
know why the values of fuo
2
(NOs)
2 
differ so widely when calculated by 
189 two different methods. The approach by Bagawde et al in assuming 
that the activity coefficients of the disolvate and uranyl nitrate (in 
the presence of nitric acid) are equal to unity is not well founded. 
The 6G0 values were calculated using fuo
2
(N0
3
)
2 
= 0.537 since no 
other workers have used the alternative f values for uranyl nitrate. 
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2.4 Comparison of 6H values obtained by direct calorimetric 
method and temperature coefficient method 
The enthalpy of transfer of ｵｲ｡ｮｾｾ＠ nitrate hexahydrate from 
0.492 M HNOs to 0.5 M TBP solutions, along with their ｰｲ･｣ｩｳｩｯｾ＠
obtained by the direct calorimetric method and temperature coefficient 
method, are given in Table 2. 35 for comparison. /1G and b.S values are 
taken from Table 2.33. 
TABLE 2.35 Comparison of thermodynamic values obtained by direct 
calorimetric method and temperature coefficient method 
TBP- HN03 b.Ho t.cf b. So Method cyclohexane solution t 
(M) (M) k -1 k -1 cal K-1 cal mol cal mol mol organic aqueous 
Direct 0.5 0.492 -3.70 ± 0. 5 -1.81 -6.34 
calorimetry 
Temperature 0. 5 0.492 -4.57 ± 0. 3 -1 .. 81 -9.26 
coefficient 
It is clearly seen from the data in Table 2. 35 that the b.H values 
-1 
are almost the same within experimental errors. Similar data obtained 
by various workers are given in Tables 2.36 and 2.37 for comparison. 
The comparison of data in Table 2. 36 is difficult as the standard 
states for thennodynamic values are not the same. For example, the 
standard state for the extraction of uranyl nitrate hexahydrate from 
water to TBP in dodecane196 is infinite dilution of all solutes in the 
diluent and cannot be compared with the other values or the present 
work because of nitric acid in the aqueous phase. The standard state 
in the present work ｩｾ＠ infinite dilution of U02 (N0 3 ) 2 6H20 in the given 
concentration of TBP. The variation in b.G0 (and hence b.S0 ) values is 
\ 
---------------------------·- . - ·- · -- . . . ·-··- ···-- ···· ··· 
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caused to some extent by the definition of K used in the calculations 
(see Section 2.3.1.5). 
TABLE 2. 36 Thennodynamic quanti ties for the reaction (calorimetric method) 
Aqueous 
Water 
Water 
Water 
Water 
0. 492 M 
HN0 3 
2+ -U02 aq + 2NOsaq + 2TBPorg-+ ill2(NOs)22TBP0 rg 
TBP 
Neat 
Neat 
0.1 
(isooctane) 
Pure dodecane 
ＰｾＵ＠
(cyclohexane) 
Kcal mol- 1 Kcal mol- 1 cal K- 1 mol- 1 
8.1 ± 0.1 9.8 ± 0.1 +5.7 ± 0.6 
6.3 ± 0.38 
6.3 ± 0.8 
13.0 ± 0.4 10.9 ± 0.5 -7.2 ± 1.2 
3.7 ± 0.5 1.81 
-6.34 
Ref. 
196 
192 
268 
196 
Present 
work 
Values in Table 2. 36 have been detennined from calorimetric estimates. 
ｗｩｾｨ＠ the calorimeter which Marcus et a1196 used, it was possible to 
measure the temperature jump associated with the transfer of uranium 
between the two phases directly, and since they have been using high 
concentrations of uranium (e.g. 0.5 M uranyl nitrate hexahydrate in water), 
so they had to correct their observed heat changes for heats of dilution 
(Eqn. 13): 
(13) 
where qobs is the actual heat measured in the calorimeter, and must be 
corrected for qdil (heat ?f dilution of U02(NOs)26H20 in ｷ｡ｴ･ｲＩＬｾｱｨｹ､＠
is the heat change of- hydration of TBP, ｾｱｔ＠ is the heat change of mixing 
TBP with diluent, ｾｱｵ＠ is the heat change of mixing of solvate 
- ----------------- ---'----------- · · . 
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[U02 (N0 3) 22TBP] with the diluent and finally ｬｬｾ＠ is the heat change of 
the solvate with TBP, .6.H.t is the enthalpy of transfer, and Y is _ the 
number of moles of uranh.nn in the organic phase. 
All the heat changes are dependent on the mole fraction of uranyl 
196 
nitrate, therefore all the heat changes belong to the system at 
which the concentration of the uranyl nitrate is high. In our work, 
however, the uranyl nitrate mole fraction is very small, so .. that the 
heat change due to mixing of the solvate with the diluent for the 
concentration of uranyl nitrate hexahydrate (about 10-4 NO is very 
small (llqu), and also the heat change of mixing of the solvate with 
TBP ＨｾｱｍＩＬ＠ heat change due to hydration of TBP Ｈｾｱｨｹ､ＩＬ＠ and heat change 
for mixing TBP with the diluent ＨｾｱｔＩ＠ are small, as fotmd by using the 
same equations for the heat changes as used in Ref. 196. In a typical 
experiment, these heat changes ｾ＠ 0.3.cal. Since sufficient nitric acid 
was used to prevent hydrolysis the correction qdil is not required. 
Therefore, all these heat changes in the temperature coefficient method 
at low uranium concentration (- lQ- 4 M U(V1)) are small. 
The comparison of data in Table 2. 37 is also difficult because the 
values for &Is, llG and llS are not the thennodynamic values in the same 
standard states. However, where the extraction conditions are comparable . 
(Table 2. ｾＷＮＩ＠ it is seen that the present value of llHs is reasonably close 
to the values reported in the literature by the temperature coefficient 
method. Most llG values in Table 2. 37 were calculated by ignoring activity 
coefficients. But from the data in Table 2. 3 7 it was not possible to find 
the dependence of the ｾ＠ value either on nitric acid or TBP concentration. 
For example, at constant TBP-diluent concentration188 an increase in 
nitric acid, 1 M-2 M, .in aqueous solution leads to llH values increasing 
(3.35 to 5.19 kcal mol- 1),but with increasing the nitric acid 
concentration from 2 M to 3 M the llH values remain approximately constant. 
•Ｍ ｾＭ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＧＭＭＭＭＺＮＮＮＮ｟｟｟｟［ＧＭＭＭＭＭＭＭ Ｍ - --- ---- -
- - - -------- - ··- - ------------ - -
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TI1ere are four concentration variables, namely, nitric acid, TBP, 
U02(N03) 2, and the diluent in the system, so that it is not simple to 
compare the values, but from the da:ta in Table 2. 37 it can be seen that 
the ｾＧ＠ ｾｇ＠ and ｾｓ＠ are not far from eaCh other within similar conditions. 
The disagreement bet\'leen the values obtained by the temperature 
coefficient method for &I= -3.6 kcal mol- 1 for neat TBP168 and 
k -1 . 180 ｾ＠ = -6.3 cal mol for 0.05 M TBP was quoted by Marcus and 
Kolarik196 to illustrate the difficulties in the temperature dependence 
method, However, the disagreement in ｾ＠ values is not surprising when 
such widely different concentrations of TBP are used. 
Marcus and Kolarik196 have severely criticised the method of 
estimating ｾ＠ by temperature dependence of the equilibrium constant for 
the extraction equilibrium, for the neglect of the heats of dilution 
(the heat Change corrections ｾｱｵＧ＠ ｾｱｔＧ＠ ｾｱｨｹ､＠ and qdil' seep. 55) of 
the reactants to the standard states. But their criticism for &It 
measurement by the temperature coefficient method because of lack of 
correction for heats of dilution,.is not correct, since, as mentioned 
before, these corrections for low concentration of uranyl nitrate were 
negligible, but for high concentrations of U(VI) these are large and 
must be taken into acc01 . mt. As far as the &It values from the present 
work, by the two methods (direct calorimetric and temperature coefficient 
method), satisfactory agreement was found (Table 2.35), and the extraction 
conditions for the two methods were the same. Therefore it can be 
concluded that the temperature coefficient method is a reliable method in 
these circumstances. In addition, the temperature coefficient method 
for these complicated systems is less time-consuming and is especially 
valid if favourable conditions suCh as low concentrations of reactant 
are Chosen. Additionally, the temperature Changes have not much effect 
-·· - -·- -----------------------------------
""""""---·-·-- ------- . -
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on the distribution of nitric acid in the presence of uranyl nitrate 
(p. 98) and favour this method. 
For studies involving nitric acid the corrections made by 
Marcus and Kolarik for Lilit measurements are insufficient ,since by 
adding nitric acid to the system the distribution of H2 0 and TBP will 
change (Section 2.2) so that the corrections for heats of dilution of 
of reactants also change. Also, when Marcus and Kolarik were 
measuring the-heat of hydration of TBP in their experiments, the actual 
heat change was not measured directly. They first measured the heat 
by adding TBP to the water or by adding water to TBP, without noticing 
that this heat may not be the same when they have large ammmts of 
U(VI) in their system. Therefore the corrections discussed by Marcus 
and Kolarik are not simple, but for their system application of 
corrections is compulsory. Thus, the determination of thermodynamic 
values by calorimetric methods may only be preferable if a limited 
number of systems is to be studied and the necessary corrections to the 
measured heats are clearly defined and readily evaluated. In respect 
of l\G and l\S values, the results are critically dependent upon the 
activity coefficients used to evaluate K (Eqn . 3) and this applies 
equally to both direct calorimetric and temperature coefficient methods. 
·According to Marcus265 good estimates for activity coefficients have 
been employed, for example, in his own work in which the aqueous phase 
contains no added nitric acid, but all published work concerning 
extraction from nitric acid solution suffers either from the absence of 
sui table experimental data, or from rmreasonable assl.llllptions concerning 
. 265 . 
activities, or from failure to employ reliable equat1ons for the 
calculation of uranyl nitrate activity coefficients in nitric acid 
solution. As far as we know, there are no reliable data for the activity 
--------- ------------------------------- -- - · - --- . 
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of the disolvate in any diluent in the presence of excess TBP. For 
any other extracting agent, the situation is even more unsatisfactory. 
123 
CHAPTER 3: EXPERIMENTAL 
I24. 
3.1 Purification of materials 
Cyclohexane 
Purification of A-R grade cyclohexane was carried out by washing 
three times with concentrated sulphuric acid, water, sodium carbonate 
(0.05 M) and distilled water respectively. The cyclohexane phase 
\¥as stood over anhydrous calcium chloride overnight, then filtered and 
distilled through a packed column, the fraction of b.p. 81°C being 
used for UV and gas chromatographic measurements. The results showed 
very small amotmts (0.025%) of benzene (by gas d1romatographic 
measurement) in A-R grade cyclohexane before purification, which was 
removed by the purification. However, the cyclohexane was used without 
purification in the experiments in view of the very small amount of 
benzene present and the need for large voh.nnes of the material. 
Tri-n-butyl phosphate (TBP) 
Purification of reagent grade TBP was carried out by washing three 
times with nitric acid (0.2 M), sodium hydroxide (0.2 NO and water 
respectively. The TBP phase was then distilled under vacuwn, the 
fraction of b.p. 118-123°C at about 0.1 mmHg being used for IR and 
·gas chromatographic measurements. The results showed no evidence for 
an enhancement in purity and small amounts of butanol (0. 25%) were 
present both in the purified and original materials. The refractive 
indices were the same, 1. 424 for both samples. TBP was used as 
supplied without any further purification. 
4- (.2-pyridylazo) ｲ･ｳｯｲｾｩｮｯｬ＠ (PAR) 
Laboratory grade 4-(2-pyr:i.dylazo)resorcinol as the di-sodium salt (BDH) 
L_ _______ ＭＭＡＮＮＮＮＺＧＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ Ｍ Ｍ ｾ Ｍ - - - -- ---
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. f. d269 b . h d th . b was pur1 1e ut elemental analys1s s owe e mater1al to e 
:impure. 
Calculated(%): c = 44.3 ·H = 3. 76 N = 14.0 Na = 14.1 
Found(%): C = 31.27 H = 3.18 N = 6.37 
The elemental analyses were confirmed by BDH who identified 
sodium hydrogen carbonate as a major impurity (34%). Ho,.,rever, their 
attempts to isolate pure materials from this batch were unsuccessful. 
Laboratory grade 4-(2-pyridylazo) as the monosodium salt (KoCh-Light) 
was subsequently used without further purification. Analytical 
figures were as follows: 
Calculated (%): 
Fonnd (%) : 
c = 51.7 H = 3.92 
C = 47.96 H = 3.42 
N = 16.5 
N 12.50 
Uranyl nitrate hexahydrate (AnalaR, BIH) was analysed for uranium 
3\(\ 
by a gravnnetric method. The ·analysis showed that it was 99.7% 
pure. 
Other materials 
Other materials such as nitric acid, sulphuric acid, hydrochloric 
acid, ferrous sulphate heptahydrate, phenolphthalein, triethanolamine, 
n-hexadecane, methanol, and 1,4-dioxane were A-R or reagent grade and 
were used without further purification. 
--------·-··· ···-··-····-··· · · - -··. -·· ·- · .. ..... 
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3.2 Calorimetric investigations 
Calorimeters are used to measure the change in intemal energy 
or enthalpy which occurs when a system changes from an initial state 
to a final state. Such data are required for many thermodynamic and 
thermochemical calculations. 
Calorimeters are also sui table as analytical tools. TI1ey can 
be used qualitatively to detect the presence of exothermic or 
endothennic processes, and quantitatively to determine the extent to 
which processes occur. They can be applied to the study of the 
equilibrium properties of matter as well as to the study of rates of 
change of such properties in non-equilibrium states. Careful 
calorimetric studies of phase changes in condensed systems have 
produced some of tile most accurate data available on the equilibrium 
temperature for these changes, as well as quantitative estimates of 
the purity of the samples. 
Calorimetry provides the ｭｯｳｾ＠ accurate way of obtaining heat 
data for reactions in solution. Extensive use has been made of the 
thermometric titration procedure, both as an analytical tool for 
end-point or equivalence determination and for determining heats of 
. h f . 1 f d"l . 270 
-react1ons, eats o solut1on, 1eats o 1 ut1on, etc. 
A brief introduction to calorimetry in general and describing 
recent developments, especially in manufactured instruments, in a 
271-274 few areas of calorimetric research, is given by Wilhoit. 
Tile literature on calorimetry is very extensive. ｾ｢ｲ･＠ detailed 
275-285 infonnation can be found in several monographs. 
---------·--.. --- · . ... -
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3.2.1 The LKB 8700 
In the present work, the LKB 8700 precision calorimetry 
286 system was used, and is described below. 
The LKB 8700-1 precision calorimetry system is a commercial 
version of the constant temperature environment non-isothermal 
calorlineter originally designed by SUIIDer and Wadso, 287- 2Q? __ v.lhich 
enables a very precise comparison to be made between an electrical 
experiment (calibration experiment) and an actual run (main 
experiment) in whiCh a well-defined process takes place. 
Temperature is measured very accurately as a function of time, and 
conditions are chosen so as to give as identical a temperature 
change as possible in both experiments. 
3.2.2 Specifications of the LKB 8700 
A block diagram of the syste?l is presented in Fig.3.l;"aridr.can 
be divided into the following main parts; a brief description is 
given here. 
3.2.2.1 Calorimeter 
The calorimeter consists of a 100 cm3 reaction vessel, made of 
thin pyrex glass and· fitted witi1 a calibration heater, thermistor, 
stirrer, a sapphire-tipped rod for ampoule breaking, and an outer 
metal container which is maintained at a constant temperature in the 
thermostat bath. 
A thermistor can be used in the temperature range 278-310 K 
(.lower range limit set by the Wheatstone bridge). The thermistor 
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resistance at 298.15 K is 2000 ohms ± 5% and the heater resistance 
50 ohms ± 0. 5% . 
A stirrer made of 18-carat goid, plated with pure gold, holds 
1 ml glass ampoules, and is fixed to a stirrer driver with speeds 
of 500, 250 and 125 rpm. 
3.2.2.2 Thermostatic bath 
This is a cylindrical stainless steel container (capacity· 
18 litres) open at one end, insulated with polystyrene and enclosed 
in an outer case and filled with water or some other non-volatile 
and non-viscous liquid. A 70 ohm heater resistance is wound on the 
outer surface of the container, and a magnetic stirrer is mounted on 
the bottom to ensure adequate circulation around the centrally 
located calorimeter. Good temperature stability is achieved using a 
proportional electronic thermostat ,controlled by the thermistor probe, 
and an auxiliary cooling system to maintain ambient temperature at 
about 1-3 K below the set-point. Under these conditions the bath 
temperature can be maintained at 298.15 ± 0.001 K over a 48-hour 
period. 
3.2.2.3 Electronic assembly 
Temperature is monitored in terms of ｴｨ･Ｑｾｳｴｯｲ＠ resistance, 
measured on a Wheatstone bridge with a range of 0-6 Kn over six 
decades. 
The out-of-balance voltage is measured on ru1 electronic 
galvanometer (Hewlett':"Packard type 419A) which has additional 
facilities for the connection of a chart recorder. The practical limit of 
----- ------ - ------- -- -- . --- --- -- -----
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-s 
resolution at maximum sensitivity is approximately 5 x 10 , K. 
Calibration of the reaction vessel and its contents is carried 
out by passing a known current through the heater for a selected 
time interval and measuring the corresponding temperature change. 
Current is supplied by a precision power supply which can be 
adjusted, with the aid of a potentiometer, to give five pre-selected 
levels of pmv-er dissipation in the heater (20, 50, 100, 200, 500 mW). 
The corresponding squares of the calibration current I 2 value are 
-3 2 (0.4, 1, 2, 4, 10) X 10 A . 
The electrical calibration circuit is automatically energised 
for selected time intervals (1-990 s) by an electronic timer. The 
heating ｩｮｴ･Ｑｾ｡ｬ＠ required is set on three dials, giving steps of 
one second over the range, and timing accuracy is quoted as ±0.003 s. 
A stopwatch (0.1 s graduations) is used during a run in order 
to detennine resistance change with time. This may be operated 
manually, or automatically if ｴｨｾ＠ event timer is used. The event 
timer is incorporated in the instrument and operates e1e stopwatch 
slave pointer each time the electronic galvanometer passes through 
null. TI1e advantage of this device is that errors due to operator 
reaction time are effectively eliminated. 
3.2.3 Operation 
Energy measurements with the calorimeter are made possible by 
accurate determination of two parameters, e, the corrected· ternperature 
change, and s (calibration constant),the l1eat capacity of the system. 
131 
3.2.3.1 Temperature measurement 
So far, heat evolution and heat .exchange have been considered in 
terms of temperature change, but what is actually determined with the 
thermistor-operated calorimeter are resistance changes. Unfortunately, 
the resistance R of the thermistor does not change linearly with 
temperature, and in accurate Hark one cannot assume .L1R as being 
proportional to .L1T. TI1e 1nost precise relationship is given by Bosson 
291 
et al as 
R = A. eB/T (1) 
where T is the absolute temperature and A and B are constants. From 
Eqn (1) one may derive a number of relationships between ｾｔ＠ and a 
change in R. Differentiation of Eqn. (1) leads to 
dR RB 
= 
dT Tz 
or 
ｾｒ＠ RmB 
= 
ｾｔ＠ T z m 
where m indicates a mean value. We thus find that 
In order to use this expression, the thermistor bridge must be 
(2) 
(3) 
(4) 
approximately calibrated in degrees. However, during a series of 
calorimetric experiments Tm2 is nearly constant, which leads to the 
expression 
------------------------- ----- . - .. .. . ···-- --. -· .. 
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!JT (5) 
Wadso 286showed (Table 3.1) experimentally derived deviations from 
linearity inherent in Eqns (4) and (5). Calibration experiments were 
performed at 293, 298 and 303 K, respectively, using an LKB 8700 
reaction calorimeter charged with 100 ml of water. The temperature 
dependence of the heat capacity . for the calorimetric system was very 
* 
small, about 0.01% per degree. The change ins-value per ohm change 
ill the Rm-value should thus be small for an expression showing a 
small deviation from linearity. As seen from Table 3.1, Eqn . (4) shows 
very small deviation. Usually, however, Eqn (5) also gives 
satisfactory precision. 
TABLE 3.1 Deviation from linearity for some expressions relating 
!JT with a change in R 
Deviation from linearity 
ｾｳＯｾｒｭＬ＠ percent per ohm 
Expression taken 
proportional to !JT 
ｾｒ＠ Tm2 
ｾ＠
t1R 
1\n 
Eqn ( 4) Eqn (5) 
0.001 0.01 
The observed temperature change, 6T, may be thought of as being 
made up of two terms: 
* 
6T = e + ｾｔ｣ｯｲｲ＠ (6) 
'Calibration constant' (£ is an expression for the heat capacity of 
the calorimetric system). 
----------------------- ------- -
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The corrected temperature change, e, is the temperature which 
would be expected if the process being studied caused the observed 
temperature effects. ｾｔ＠ is the sum of contributions to the 
corr · 
temperature change from other factors (heat leakage, heat of ｳｾｩｲｲｩｮｧＬ＠
heat generated in the resistance thennometer). A ｮｴｾｮ｢･ｲ＠ of methods 
have been devised for evaluating the corrected temperature change. 
Regnault-Pfaundler's method and a graphical procedure based on 
. 289 292-294 
'Dickinson's method' are the most pre.c1se ones. ' The choice 
between the two given methods is mainly governed by the length of the 
reaction period. For very fast reactions and calibrations where the 
length of the main period is less than five minutes, the graphical 
method is usually preferred due to its convenience. For longer 
reaction times, however, the graphical method should be avoided. When 
the other method is used it is essential that the K-value should be 
nonnal, otherwise considerable errors may be introduced. The thennal 
leakage constant, K, can be calculated by Eqn (7). 
K = 
(gi - gf) 
CI'f - Ti) 
(7) 
where gi and gf are the slopes in the initial and final periods and 
\ 
Ti and Tf are the (mean) temperatures during the initial and final 
periods, respectively. 
A typical exothermic reaction and calibration diagram, which 
shows the graphical extrapolation method of Dickinson, are given in 
Fig. 3.2. 
In the reaction ｾｵｲｶ･Ｌ＠ ab and cd represent the heat exchange 
properties of the calorimeter before and after the reaction be. It 
L_ ___________________________ _____ _ ___ - -
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has been established that during the periods ab and cd this heat 
exchange obeys Newton's law of cooling. 295 
3.2.3.2 Calibration constant (e) 
The calibration constant £ is equivalent to the heat capacity 
of the calorimetric system and is determined from the calibration 
experiment by using the express ion 
£ = 
where 
£ calibration constant; 
Qc = amount of heat produced by an electrical heater; 
ec = the corrected temperature change of the calorimeter 
during calibration. 
(8) 
In order to calculate the calibration constant e, it is necessary 
to know the precise value of the heater resistance, ｾ Ｑ Ｌ＠ in ohms, the 
calibration current, I, in amperes, and heating time, t, in seconds. 
Then, 
(9) 
Provided that the calibration matches closely the temperature Change 
and conditions of the reaction, Eqn (10) can be used to represent £, 
the calibration constant. 
= (10) 
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3.2.3.3 _C_a_lc_u_l_a_t_i_o_n_o_f _ h_e_a_t __ of __ r_e_a_c_t_i_on __ ＨｾｑｲＩ＠
The amount of heat produced by a reaction can be calculated from 
Eqn. ( 11): 
(11) 
(12) 
Qr = amount of heat produced by reaction; 
s calibration constant; 
er = temperature change due to reaction. 
By setting Eqns (10) and (12) in Eqn (11) the heat of reactiofl', 
Q will be obtained. r' 
(J) (13) 
wl1ere 6R = Rf- Ri, ｾ＠ = (Rf + Ri)/2, and Rf and Ri are the final and 
initial resistances, respectively, and are obtab1ed by extrapolating 
the pre-rating and post-rating curves in such a way that the two 
shaded areas, A and B, in a resistance ｴｾ･＠ plot (see Fig.3.3) are 
equal. 
With a chart recorder, the trace is also analysed in terms of 
Dickinson areas, but the equivalent temperature Change can be 
measured directly with a ruler. If dr and de are the corrected pen 
displacements, during the main period for reaction and calibration 
respectively, then expression (13) becomes 
137 
FIG. 3.3 Typical resistance/time plot for a calorimetric 
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TI1e enthalpy change of reaction can be obtained by 
fill = Qcorr 
4.184 n 
-1 
cal mol 
where bJ-I is the enthalpy change of reaction, and n is the molar 
(15) 
quantity of material used (n = m/M) . Q is the heat of ｲ･｡｣ｾｩｯｮ＠
corr 
after corrections. 
Before ｾ＠ for a reaction can be evaluated, several corrections 
must be considered. These include: 
(i) heat effects associated with the initiation of the reaction; 
(ii) effects caused by incompletely filled ampoules; 
(iii) Change in vapour pressure of the calorimetric liquid; 
(iv) gas evolution in the reaction. 
However, other effects such as heating or cooling effects due to the 
particular construction in some calorimeters may be associated with 
the initiation of the reaction, for example, the movement of the 
ampoule holder or its shaft. 295 
Not all corrections are necessary in each case, and in this 
work those corrections which have been used are shown with the results. 
3.2.4 Heat effects associated witi1 the initiation of the reaction 
3. 2. 4 .1 Heat of ampoule breaking 
ｾｾ･ｮ＠ the reaction in a calorimetric experiment is initiated by 
breaking an ampoule or opening some other type of container, there 
•Ｍ ｾｾ ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ ＭＭＭＭＭＭＭＧＭ Ｍ Ｍ Ｍ Ｍ Ｍ Ｍ - - - --
-------------------------- .. . .. .. . . , . . . . 
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will be a heat evolution for whid1 corrections must sometimes be 
made. The amount of the correction is either determined 
experimentally by breaking empty ampoules in separate experiments, 
or it can be calculated theoretically. 286 If there are differences 
between experimental and calculated values, a study should be made 
to see if effects such as the mechanical heat of the ampoules are 
important and, if they are, they should be corrected empirically. 
Fig. 3. 4 shows a typical graph of .ampoule breaking which has 
been obtained experimentally. 
3.2.5 Effects caused by incompletely filled ampoules 
3.2.5.1 Evaporation of calorimetric liquid (solvent ｣ｯｲｲ･｣ｴｾｯｮＩ＠
Usually the ampoule in a reaction calorimetric experbnent is 
not completely filled, but contains some air or other gas whid1 will 
pass through the calorimetric liquid (solvent) and become saturated 
with its vapour. This evaporation effect is usually small, and may 
frequently be neglected. It can be calculated theoretically using 
Eqn (16): 
(16) 
where 
C = heat of vaporization of the solvent into the empty space 
of the ampoule; 
ｾ Ｐ＠ = heat of vaporization of solvent at 298.15 K (cal mol- 1); 
v 
n = mole of solvent which has .been evaporated into the empty 
space of the ampoule and is calculated from Eqn (17). 
- ----- --- - - ---
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FIG. 3.4 Resistance-time trace for ampoule breaking in ti1e 
organic phase (TBP-cyclohex:ane) 
A 
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(CDEF) = 
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-
F 
----------------------------- - -- - -
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n = (V/v')CP/p') (17) 
where 
V = the volt.nne of empty space in the ampoule (in li tres) ; 
v' = the molar volume for gas at 298.15 K and ca:n be 
obtained by 
v' = (22.42/273.15 K)(298.15 K) 24.4 litres; 
P = vapour pressure of ｳ｡ｬｶ･ｮｾ＠ in rnmHg at 298 K; 
p, = 760 mrrHg 
3.2.5.2 Partial evaporation of ampoule content (solute correction) 
When the ampoule is incompletely filled and the ampoule content 
is volatile, a small part of it will be in the vapour state. This 
effect is sometimes large enough to call for a correction; it can be 
calculated by Eqn (18) which is similar to Eqn (16). 
VP 
Solute correction 
(22.4/273.15)(298.15) (760) 
where 
V = the volume of empty space in ampoule (litres); 
P vapour pressure of solute (mnHg) ; 
ｾ Ｐ＠ = heat of vaporization of solute (cal mol- 1). 
v 
3.2.6 Errors 
The magnitudes ｯｾ＠ systematic errors inherent in thennochemical 
measurements depend upon several different factors such as: 
(.18) 
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(a) The nature, purity and velocity of the specified chemical 
reaction. 
(b) The accuracy in measurement of the amount of chemical reaction 
(.represented by the mole number of the component ､･ｦｾｮｩｮｧ＠ unit 
reaction). 
(c) The sensitivity of the auxiliary measuring equipment. 
(d) The purity of the individual components. 
(e) The precision of maintaining true isothermal conditions of 
the surroundings. 
In the present work, an estimate of the total random errors was 
obtained by calculation of the standard deviation, o, of the final 
calculated heat of solution. 
0 = 
n - 1 
1 
2 
(19) 
where 8 2 is the sum of the squares of the deviations 8 from the mean, 
ru1d n is the total number of determinations. 
3.2.7 Experimental procedure 
The reaction vessel was cleaned and rinsed with water, acetone, 
and finally dried wiU1 compressed air. The solvent was then 
pipetted into the reaction vessel. The ampoule with the sample was 
accurately weighed and sealed by a silicon rubber stopper, and was 
then inserted in the ampoule holder. A check was made to see if the 
ampoule was well placed in the holder and that the stirrer was 
functioning correctly. 
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A preliminary adjustment of the temperature .(298.15 K) in the 
vessel was then made by heating or cooling the vessel by an air 
blower. The calorimeter, when assembled, was immersed in the water 
bath and the ｳｹｳｴｾｮ＠ was then allowed to equilibrate for 15-90 ｾｮｵｴ･ｳＬ＠
for . short or long reaction periods. 
In most cases the start-point was determined from a knowledge of 
the estimated temperature change during the reaction, and the known 
equilibrium thermistor resistance, R00 , under the experimental 
conditions. (R
00
, which is dependent on bath temperature, stirrer 
speed and the particular tJ1ermistor in use, is measured by setting up 
the calorimeter and leaving it innnersed in the water bath overnight 
at a given stirrer speed.) 
At tl1e start-point, the bridge was set slightly off-balance and 
when, due to the rise in temperature, the bridge reached balance, 
the stopwatch was started. A certain resistance increment, usually 
(0.01-0.02) ohms, was then applied to set the bridge off-balance again. 
When the bridge returned to balarice, the time was taken and the 
procedure repeated. This was carried on during a pre-reaction period 
(fore-period) of 4-5 minutes. At a pre-selected time, ti, the stirrer 
shaft was lowered and the ampoule fractured to initiate the reaction 
ＨｾＬ＠ Fig.3.3). Some resistance/time readings were taken during the 
main period ＨｅＮ｟ＭｾＬ＠ Fig. 3. 3) ,but this depended on the rate of reaction. 
The post-reaction period (after-period) was treated in the same way 
as the fore-period and a rurve showing the thennistor resistance as a 
function of time was plotted. 
For an exothennic process, tJ1e products of the reaction were 
cooled to the initial temperature. 
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In reaction calorimetry, it is usual to perform electrical 
calibration eA.--periments in connection with each experimental 
series. In order to obtain the highest accuraqr, calibration 
experiments must be made for each reaction run, and may be performed 
before or after the process has taken place. It should, however, 
be noted that the obtained E-values (E is the heat capacity of the 
｣｡ｬｯｲｾｮ･ｴ･ｲＩ＠ are not quite identical. If the calibration 
experiment is made before the reaction has taken place, the obtained 
E-value will refer to the isothennal process at the final temperature 
of experiment.· (The temperature range of both calibration and 
reaction experiments should preferably be nearly the same; in 
accurate work the difference should not exceed a few hundredths of 
a degree, unless separate corrections are applied.) 
If the calibration experiment is performed on the product 
system the E-value will refer to the starting temperature of the 
experiments . 
For those experiments on which a chart recorder was used, 
operating ranges (sensitivity) for both the electric galvanometer 
and recorder were chosen so that ti1e combination would give an 
adequate displacement on the chart, corresponding to ｾｔＬ＠ without 
ＭＭＭＭＭＭＧＭ ＭＧＭＭＧＭＭＭＭＭＭＭ Ｍ ＭＭＧＭ ｾＭＭ Ｍ ｾＭＭ - -- ----- ---- --- ------------- -- ----
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excessive noise on the trace. Prior to a run, the pen was suitably 
positioned on ti1e chart and the reaction profile recorded directly. 
The calibration was recorded under identical conditions so that a 
simple comparison could be made. 
3.2.8 Calor.metric standards 
In 1964 Irving and Wadso296first suggested the reaction of 
(_2-amino-2-hydroxymethyl-1 ,3-propanediol), usually designated 'TRIS' 
or '1HAM' , lvi th 0.1 M hydrochloric acid as a standard thermochemical 
process: 
&I 
s 
+ 
H3NC(CH20H)3 + H20 
From their results, Irving and Wadso concluded that 'THAM' has well 
defined thermochemical properties. 297-300 
The THAM reaction is highly .exothermic and has a low differential 
h f 1 . 296 Th' . h . h 1 . 1 eat o so ut1on. 1s suggest1on as met w1t approva 1n severa 
laboratories, and the US National Bureau of Standards has issued THAM 
as Standard Reference Material No. 724 (acidimetric titration 
99.94 ± 0.01 mol%) and the US Calorimetry Conference has prepared 
recommendations for its use and study. 297 There have been many 
investigations of this enthalpy of solution (results are reported in 
. 301 302 Table 3. 2) , but two recent ones by H1ll et al and Gunn are 
outstanding. However, recent work has indicated that the influence 
of experimental conditions on the enthalpy of this process is not 
completely understood, and the reaction may not fulfil all the 
· f . 303 A 1 . f . chl . d requ1rements o a test react1on. so ut1on o potass1um or1 e 
-··-··· ·- -·- - -- ·-- -- - - ----- ---
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has, in effect, been used as a test material for endothermic reaction 
272 304-306 for many years. ' 
TABLE 3.2 Standard calorimetric reaction tris(hydroxymethyl)..:. 
aminomethane (0. 5 g 1HAM in 100.0 rn1 0.1 M HC£) 
Author Year ｾ＠ Ref 
cal/mol 
Irving and Wadso 1964 -7107 ± 4 296 
Gunn 1965 -7107 ± 1 307 
Kilday and Prosen 1966 -7114 ± 2 308 
Sunner and Wadso 1966 -7112 ± 2 309 
McKerrel1 1966 -7112 ± 5 310 
Irving and Wadso 1966 -7112 ± 2 308 
Oje1und and Wadso 1967 -7112 ± 4 311 
:Mortimer and Beezer 1969 -7104 ± 8 308 
Irving and Sousa 1969 -7110 ± 1 308 
Hill et a1 1969 -7109 ± 1 301 
GlllUl 1970 -7107 ± 1 302 
Pros en 1971 -7115 ± 1 308 
Riberio da Silva 1973 -7112 ± 6 312 
Present work 1979 -7102 ± 11 
3.2.8.1 The energy equivalent of the calorimeter 
The energy equivalent of the calorimeter is most conveniently 
measured by using a lmown volume of water as the calorimetric liquid. 
The resulting value of the calibration constant (e) is directly 
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proportional to the total energy equivalent of the calorimetric 
system and is designated sH:o; this is the water equivalent of the 
calorimeter. 
The precision of this constant is in itself a direct indication 
of the overall precision of measurement, and periodical 
redetermination of its value gives a quantitative estimate of the 
reproducibility and working performance of the equipment. 
Water equivalents of the calorimeter, on a filling of 100.0 rnl 
of water, and with a heating current of 500 mW (I 2 = 10- 2 A2 ) during 
199.9 sec were determined and recorded in Table 3.3. 
TABLE 3.3 Determination of the energy equivalent of the calorimeter 
Run RI
2 t Q = 4.184 cal 
1 Q = 50.183 X 10-
2 
4.184 
X 199.9 10.2229 2345.32 
2 Q = 23.976054 10.2200 2345.99 
3 II 10.2250 2345.41 
4 " 10.2156 2347.00 
5 II 10.2156 234 7.00 
6 II 10.2191 2347.20 
Mean ( 6 detennina tions) 2346 ± 0.6 cal 
* As an example, for this experiment, the starting and final 
resistances were, respectively, R. = 2247.978 ohms and 
1 
Rf = 2225.114 ohms. · 
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3.2.8.2 THAM reaction 
TI1e THAM reaction was used to ·check the reproducibility and 
accuracy of the used calorimetric equipment. TI1e results are given 
in Table 3.4. 
TABLE 3.4 Heat of solution of THAM in 0.1 M ｈｃｾ＠
1HAM LU-I 
Run t (1.\R/Rm) X 10 3 s (sec) g. moles x 103 -1 
l cal mol 
1 200.00 0.47964 3.9593 11.899 2361. 24" -7097 
2 191.75 0.48573 4.0096 12.198 2437.23 -7110 
3 197.70 0.48323 3.9890 12.130 2341.85 -7121 
4 200.20 0.48991 4.0441 12.243 2341.01 -7087 
5 200.00 0.48301 3.9872 14.235 2332.49 -7092 
6 199.75 0.47043 3.8833 11.803 2344.94 -7127 
Mean (6 determinations) -7102 ± 11 cal 
3.2.8.3 Measurement enthalpy of solution of ｴ･ｴｲ｡ｰｲｯｰｹｬ｡ｭｭｯｮｩｾ＠
iodide m water 
TI1e heat of solution of [ (C;H 7 ) 4N] I Has been measured in water in 
the concentration range 4.39 x 10-4 to 3.72 x 10- 3 mol ｾＭ Ｑ •＠ The values 
obtamed are shown in Table 3. 5. 
TABLE 3.5 Heat of solution of (C3H7)4NI in water at 298.15 K 
Rtm gr mole ｸｵ ｾ＠ 4 ,0 mol ｾＭ Ｑ ｸｬＰＭ Ｔ＠ Qcal 
M-I s -1 
cal mol 
1 0.11578 3.696 37.1897 1.027 2780 
2 0.06051 1.931 19.8051 0. 533 2763 
3 0.05699 1.809 18.5538 o. 501 2769 
4 0.03014 0.962 9.8666 0.267 2781 
5 . . 0.02477 0.]90 8.1025 o. 224 2838 
6 0.02154 0.687 7.0425 0.195 2841 
Mean ( 6 detennina tions) 2786 ± 24 cal 
-- --- ------- ---
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3.3 Thern1ochemical measurements 
3.3.1 Heats of solution of uranyl nitrate hexahydrate in the 
aqueous phase 
3.3.1.1 Heat of solution in distilled water 
Uranyl nitrate hexahydrate was obtained from the same source, 
d1ecked for purity in the same way as given in Section 3.1 
and heats of solution '¥ere determined in water, calorimetrically. 
The results are shown in Table 3.6 and Fig. 3.5. 
TABLE 3.6 Heats of solution of uranyl nitrate hexahydrate in water 
(cal mol- 1 at 298.15 K) 
U02(N03)2·6H20 
g used 
7.88 X 10- 3 
17.41 X 10- 3 
17.59 X 10- 3 
34.18 X 10- 3 
78.41 X 10- 3 
93.34 X 10- 3 
U02(N03)2•6H20 
c, g ｾＭＱ＠
80.0 X 10- 3 
178.0 X 10- 3 
179.9 X 10- 3 
349.5 X 10- 3 
801.8 X 10- 3 
955.4 X 10- 3 
7470 
6751 
6733 
6109 
5633 
5630 
3.3.1.2 Heats of solution in different concentrations of 
nitric acid 
The heats of solution of uranyl nitrate hexahydrate in different 
concentrations of nitric acid were determined and results are shown 
in Tables 3.7-3.12. 
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FIG. 3.5 Heats of solution of uranyl nitrate hexahydrate in water 
·against UOz (NO g) 2.6H20 concentration 
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TABLE 3.7 Heats of solution of uranyl nitrate hexahydrate in 
nitric acid solution (0.002 ｾｄ＠
-1 
cal mol at 298.15 K 
U02(N03)26H20 c . IlH 
rc t.J-1 s 
-1 g g .Q_ s (mean) 
15.93 X 10- 3 16.28 X 10- 2 40.34 X 10- 2 5099 
. 34.71 X 10-3 35.49 X 10-2 59.60 X 10-2 4981 
5018 ± 54 
52.28 X 10-3 53.46 X 10- 2 73.10 X 10- 2 4996 
85.14 X 10 -3 87.06 X 10-2 93.30 X 10-2 4999 
TABLE 3.8 Heats of solution of uranyl nitrate hexahydrate in 
nitric acid solution (0.0504 M) 
-1 
cal mol at 298.15 K 
U02(N03)26H20 c fills rc lilis 
-} (mean) g g .Q_ 
17.20 X 10- 3 17.59 X 10-2 41.90 X 10 -2 5140 
39.12 X 10- 3 40.00 X 10-2 63.20 X 10-2 5096 
5090 ± 35 
39.19 X 10- 3 40.00 X 10-2 63.20 X 10- 2 5093 
58.90 X 10- 3 60.23 X 10-2 77.60 X 10-2 5042 
94.17 X 10- 3 96.29 X 10-2 98.10 X 10-2 5080 
- - -- - -- - -- -- ---- - --
- - -------- -- -- ---------- -- -------- --
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TABLE 3. 9 Heats of solution of uranyl nitrate hexaydrate in 
nitric acid solution (0.1004 N) 
cal mol -1 at 298.15 K 
U02(N03)26H20 c Lilis 
IC Lilis 
-1 (mean) g g ｾ＠
16.75 X 10- 3 17.13 X 10- 2 41.40 X 10- 2 5298 
36.78 X 10- 3 37.61 X 10-2 61.30 X 10- 2 5220 
36.80 X 10- 3 37.63 X 10-2 61.34 X 10- 2 5225 5206 ± 66 
66.61 X 10- 3 67.50 X 10- 2 82.20 X 10- 2 5167 
97.60 X 10- 3 99.80 X 10- 2 99.90 X 10-2 5120 
TABLE 3.10 Heats of solution of uranyl nitrate hexahydrate in 
nitric acid solution (0.492 NO 
. -1 
cal mol .at 298.15 K 
U02(N03)26H20 c lf:Is rc-- tJ-ls 
-1 (mean) g g ｾ＠
28.26 X 10- 3 28.89 X 10- 2 537.00 X lQ- 2 5202 
31.02 X 10- 3 31.72 X 10-2 563.00 X 10- 2 5196 
90.50 X 10- 3 92.54 X 10- 2 962.00 X 10- 2 5195 
100.11 X 10- 3 102.37 X 10-2 10i.20 X 10- 2 5202 5220 ± 47 
498.97 X 10 -3 510.24 X 10-2 225.90 X 10- 2 S270 
501.06 X 10- 3 512.37 X 10- 2 226.30 X 10- 2 5303 
502.53 X 10- 3 513.80 X 10 -2 226.70 X 10- 2 5181 
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TABLE 3.11 Heats of solution of uranyl nitrate hexahydrate in 
nitric acid solution ( 1. 4 5 M) 
cal mol -1 at 298.15 K 
UOz(N03)z6H20 c lili 
rc Lili s 
-1 s (mean) g g ｾ＠
15.05 X 10- 3 153.62 X lQ-2 391.94 X 10-2 5638 
35.38 X 10- 3 361.14 X 10-2 600.94 X 10- 2 5682 5681 ± 43 
75.58 X 10- 3 771.49 X 10- 2 878.34 X 10- 2 5725 
TABLE 3.12 Heats of solution of uranyl nitrate hexahydrate in 
nitric acid solution (2.5 M) 
cal rnol- 1 at 298.15 K 
U02(N03)26H20 c lilis rc tills 
-1 (mean) g g ｾ＠
17.86 X 10- 3 18.23 X 10-2 42.69 X 10- 2 6308 
42.99 X 10- 3 43.88 X 10- 2 66.24 X 10-2 6599 
6545 ± 
42.95 X 10- 3 . 43.84 X 10- 2 66.21 X 10- 2 6602 
.74. 52 X 10- 3 76.07 X 10- 2 87.21 X 10-2 6674 
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3.3.1.3 Heats of solution in nitric acid solution containing 
tri-n-butyl phosphate (TBP) 
The results of measurements of heats of solution of uranyl 
nitrate hexahydrate in nitric acid (0.492 NO containing known amounts 
of TBP are given in Table 3.13. 
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TABLE 3.13 Heats of solution of uranyl nitrate hexahydrate in· 
nitric acid solution (0.492 M) containing TBP 
cal mol- 1 at 298.15 K 
TBP U02 (N03) 2 6H20 &-Is 
-1 
-1 lll-Is (mean) · g ｾ＠ g ｾ＠
30.98 X 10- 3 394.00 X 10- 3 5004 
31.29 X 10- 3 102.58 X 10- 2 5284 5150 ± 140 
34.66 X 10- 3 102.59 X 10- 2 5163 
61.96 X 10- 3 366.70 X 10- 3 5188 
62.07 X 10- 3 360.05 X 10- 3 5000 
62.78 X 10- 3 356.06 X 10- 3 5058 5056 ± 77 
64.62 X 10- 3 103.82 X 10-2 5029 
69.12 X 10- 3 356.37 X 10- 3 5009 
3.3.1.4 Heats of solution in nitric acid solution saturated 
w1 th the organic phase (TBP in cyclohexane) 
Equal volumes of nitric acid ( 0. 49 2 M) were shaken with TBP 
CO. 5 M) in cyclohexane. The aqueous layer was transferred to the 
calorimeter vessel, and the l1eats of solution of U02 (N03) 2 6H20 were 
measured. The results are shown in Table 3.14. 
TABLE 3.14 Heats of solution of uranyl nitrate hexahydrate in nitric 
acid (0.492 M) saturated with the organic phase 
cal mol -1 at 298.15 K 
U02 CN03) 2 6H20 
&-IS 
ｾｈ＠
s 
-1 (mean) g ｾ＠
356.98 X 10- 3 5175 
5181 ± 11 
1027.3 x:_l0-3 5187 
L_ _ ______________________ ________ ___ ___ __ _ --- - -- - -- - ----
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3.3.2 Heats of solution of uranyl nitrate hexahydrate in 
organlc solutions 
3.3.2.1 Heats of solution in cyclohexane containing tri-n-
butyl phosphate 
The heats of solution of uranyl nitrate hexahydrate in 0. 5 M 
TBP in cyclohexane are shm.vn in Table 3 .15. 
TABLE 3.15 Heats of solution of uranyl nitrate hexahydrate in 
0. 5 M TBP-cyclohexane 
cal mol- 1 at 298.15 K 
U02(N03)z.6H20 ca 
-1 g g ｾ＠
4.62 X 10- 3 47.24 X 10- 3 
4.62 X 10- 3 47.24 X 10- 3 
8.14 X lQ- 3 83.24 X 10- 3 
8.15 X 10- 3 83.34 X 10- 3 
11.78 X 10- 3 120.46 X 10- 3 
11.78 X 10- 3 120.46 X 10- 3 
11.78 X 10- 3 120.46 X 10- 3 
11.78 X 10- 3 120.46 X 10- 3 
11.84 X 10- 3 121.07 X 10- 3 
14.75 x 10- 3 150.83 X 10- 3 
14.75 X 10- 3 150.83 X 10- 3 
17.82 X 10- 3 182.22 X 10- 3 
17.82 X 10- 3 182.22 X 10- 3 
19.60 X 10- 3 200.43 X 10- 3 
19.60 X 10- 3 200.43 X 10- 3 
22.89 X 10- 3 233.66 X 10- 3 
28.13 X 10- 3 287.65 X 10- 3 
a - Concentration of the final solution. 
LlR s 
b 
13387 
13412 
10398 
10709 
6941 
7700 
9216 
9282 
9518 
7985 
8266 
9217 
9048 
8614 
8610 
7130 
6179 
c 
flHS 
8333 
8359 
7530 
7844 
4959 
5721 
7234 
7300 
7546 
6401 
6683 
7907 
7738 
7423 
7419 
6108 
5349 
b- Heats of solution· before corrections for heat of breaking of 
ampoule. 
c - Heats of solution after corrections for heat of breaking of 
ampoule. The mean value obtained from seven determinations of 
the heats of breaking of ampoule was 46. 49 x 10- 3 cal. 
- -· - --·-· ----· - ----' 
-------------------------- --···- . - .. ..... -· 
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containin tri-n-but 1 
The heats of solution of uranyl nitrate hexahydrate in 
cyclohexane containing 0.5 M TBP, 0.02099 M nitric acid, and 
different amounts of water are shovm in Tables 3.16-3.18. 
TABLE 3.16 Heats of solution of UOz(N03)26HzO in 0.5 M TBP-cyclohexane 
containing 1. 4942 g Jl,- 1 '"rater & 0. 02099 M HN0 3 :. 
-1 
cal mol at 298.15 K 
U02 (N0 3) 2 6H 20 ca 
-I g g 2 
5.47 X 10- 3 55.93 X 10- 3 
9.85 X 10- 3 100.73 X 10- 3 
12.20 X 10- 3 124.70 X 10- 3 
14.64 X 10- 3 149.70 X 10- 3 
a - Concentration of the final solution. 
m 
s 
7010 
4828 
3678 
3563 
Lili 
s 
c 
1544 
1793 
1233 
1521 
b - Heat of solution before corrections for heat of breaking 
ampoule. 
c - Heat of solution after corrections for heat of breaking 
ampoule. The mean value obtained from four determinations of 
-3 the heat of ampoule breaking was 59.55 x 10 cal. 
--- --- Ｍ Ｍｾ｟Ｚ｟＠ ___ ﾷ Ｍ ＭＭ Ｍ ＭｾﾷＭ ﾷ ＭＭＭ ﾷＭ ＭＮＮＺＮＮ ｟＠
------------------------------ ---- --- -
157 
TABLE 3.17 Heats of solution of U02 (N03) 2 6H2 0 in 0.5 M TBP-cyclohexane 
containing 1.09426 g ｾＭ Ｑ＠ water and 0.02099 M HN0 3 
cal mol- 1 at 298.15 K 
UOz(N03)z6HzO Ga b c 
-1 61-Is lilis g g ｾ＠
4.49 X 10-3 45.90 X 10- 3 8034 2047 
9.68 X 10- 3 98.98 X 10- 3 4383 1606 
14.00 X 10- 3 143.10 X 10- 3 3952 2032 
18.73 X 10- 3 191.50 X 10- 3 2851 1417 
28.80 X 10- 3 294.50 X 10- 3 3185 2250 
a - Concentration of the final solution. 
b - Heat of solution before correction for heat of breaking of 
ampoule. 
c - Heat of solution after correction for l1eat of breaking of 
ampoule. TI1e mean value obtained from five detenninations of 
-3 the heat of breakli1g of ampoule was 53.54 x 10 cal. 
TABLE 3.18 Heats of solution of uranyl nitrate hexahydrate in 0.5 M TBP-
cyclohexane containing 0.59246 g .\t- 1 water & 0.02099 M HN0 3 
-} 
cal mol at 298.15 K 
U02(N03)z6HzO a b c c [ill. ｾｈ＠
ｾＭＱ＠ s s g g 
4.54 X 10- 3 46.42 X 10- 3 7823 2514 
7.99 X 10-3 81.70 X 10- 3 5805 2788 
9.18 X 10- 3 93.87 X 10- 3 5539 2914 
13.51 X 10- 3 138.15 X 10- 3 4981 3197 
19.35 X 10- 3 197.87 X 10- 3 3729 2494 
20.75 X 10- 3 212.18 X 10- 3 2931 1770 
29.53 X 10- 3 301.97 X 10- 3 2584 1768 
a - As (a) in Table · above. b - As (b) in Table above. 
c - Heat of solution after corrections for heat of breaking of 
ampoule. The mean value obtained from five determinations of 
heat of ampoule breaking was 48.00 x 10- 3 _cal. 
------------------------ -- ------- - . -- -· 
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3.3.2.3 Heats of solution of uranyl nitrate hexahydrate in the 
organ1c phase prepared from the equilibrated organ1c 
phase, saturated solution 
3.3.2.3.1 Experimental procedure using O.S M TBP i n 
cyclohexane 
Equal volwnes of 0. S M TBP in cyclohexane were shaken with 
0.492 M nitric acid solution for 20 minutes at 298 K, to equilibration. 
TI1e organic layer was thus 100% saturated by nitric acid and water. 
The saturated organic layer was then inixed '""ith 0. S M TBP in 
cyclohexane so that the amm.mt of saturation was reduced to SO% and 
73% (two different samples were made up). The heats of solution of 
uranyl nitrate hexaJ1ydrate in the organic solutions with SO% and 73% 
saturation of nitric acid and water are given in Tables 3.19 and 3.20. 
TABLE 3.19 Heats of solution of uranyl nitrate l1exahydrate in O.S M 
TBP-cyclohexane with SO% saturation of nitric acid and water 
cal mol- 1 at 298.1S K 
uo2 (N03) 26H20 ca b c Ho 
Lili ｾｈ＠ s 
-1 s s (mean) g g .Q, 
8.98 X 10- 3 9.160 X 10- 2 486S 1940 
10.06 X 10- 3 ｾＰＮ＠ 269 X 10- 2 4149 1040 
14.28 X 10- 3 14.S76 X 10- 2 5019 27SO 1908 ± 605 
14.96 X 10 -3 15.270 X -2 10 3467 1870 
18.45 X 10- 3 18.833 X 10- 2 3221 1940 
a - Concentration of the final solution. 
b - Heat of solution before correction for heat of breaking 
ampoule. 
c - Heat of solution after correction for heat of breaking ampoule 
(internal correction). 
--------------------------------- --- .... 
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TABLE 3. 20 Heats of solution of uranyl nitrate hexahydrate in 0. 5 M 
TBP-cyclohexane with 73% saturation of nitric acid & water 
cal mol- 1 at 298.15 K 
b c 
g -1 g ｾ＠
tJ-1 
s 
m 
s (mean) 
9.06 X 10- 3 9.24 X 10- 2 4240 1540 
10.66 X 10- 3 10.88 X lQ- 2 22.60 400 
13.60 X 10- 3 13.90 X 10- 2 3147 1270 1052 ± 391 
15.10 X 10- 3 15.41 X 10- 2 2080 900 
16.08 X 10 -3 16.41 X lQ- 2 2285 1050 
18.22 X 10- 3 18.59 X ·10 -2 1411 500 
a - Concentration of the final solution. 
b - Heat of solution before correction for heat of breaking 
ampoule. 
c - Heat of solution after correction for heat of breaking ampoule 
(internal correction). 
3.3.2.3.2 Experimental procedure using 0.25 M TBP in 
cyclohexane 
TI1e experiment was carried out the same way as described in 
Section 3. 3. 2 . .3 .1 , except that the concentration of TBP in cyclohexane 
-1 
was 0. 25 mol ｾ＠ . The heats of solution of uranyl nitrate hexahydrate 
in the organic solutions with 50% and 73% saturation of nitric acid 
and water are given in Table 3. 21 . a..nd '3. 22. 
- - ... . ---- '-··- -----·-·-·-- ·- --·-- ·----------'-
------------......,...---------------- ··· .. . . 
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TABLE 3. 21 Heats of solution of uranyl nitrate hexahydrate in 0. 25 M 
TBP-cyclohexane with 50% saturation of nitric acid and 
water 
cal mol- 1 at 298.15 K 
U02 (NOJ 2 6H20 ca b &10 
L\Hs 
s 
-1 (mean) g g 9,_ 
4.17 X 10- 3 4.256 X 10- 2 3540 
6.60 X 10- 3 6.737 X 10- 2 4420 
7.68 X 10- 3 7.830 X 10- 2 3390 
4017 ± 533 
8.79 X 10- 3 8.970 X 10- 2 4190 
9.20 X 10- 3 9.390 X 10- 2 3798 
10.84 X 10- 3 11.065 X 10- 2 4766 
a - Concentration of the final solution. 
b - Heat of solution after correction for heat breaking ffinpoule 
Ｈｩｮｴ･Ｑｾ｡ｬ＠ correction). 
TABLE 3.22 Heats of solution of uranyl nitrate ｨ･ｸｾＱｹ､ｲ｡ｴ･＠ in 0.25 M 
TBP-cyclohexane with 75% saturation of nitric acid and 
water 
cal mol -1 at 298.15 K 
UOz(N03)26HzO ca b tJIO 
6!-ls 
s 
-1 (mean) g g £ 
7.()() X 10- 3 7.145 X lQ- 2 4000 
7.00 X 10- 3 7.145 X 10- 2 2464 
7.04 X 10- 3 7.545 X 10- 2 4720 3575 ± 1610 
8.85 X lQ- 3 9.030 X 10- 2 5290 
18.40 X 10- 3 18.780 X 10- 2 1405 
a - Concentration of the final solution. 
b - Heat of solution after correction for heat of breaking ampoule 
(internal correction). 
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3.3.2.4 Atten1 ted detenninatiort of heats of ·solutiort of urarr 1 
y rate in ·cycloiexane contalnlng 0.5 M TBP 
3.3.2.4.1 Heats of solution of uranyl nitrate hexahydrate in 
0.5 M TBP-cyclohexane saturated with aqueous phase 
(0. 492 M HN0 3 ) 
Determination of heats of solution of uranyl nitrate hexahydrate 
in 0.5 M TBP cyclohexane saturated with aqueous phase (0.492 M nitric 
acid) were carried out as follows. 
Equal volwnes of 0. 5 M TBP in cyclohexane were shaken with 0. 492 M 
nitric acid for 20 minutes at 29 8 K for equilibration. The organic 
layer was taken to the calorimeter vessel and the heats of solution 
of uranyl nitrate hexahydrate \vere measured at different concentrations . 
The results were not satisfactory. By increasing the amount of 
U02(N03)26H20 in the saturated organic layer, the shape of the graph 
d1anged and it appeared that at high concentrations of U02(N0 3)26H20 
in saturated solution more than one process is taking place and it is 
difficult to calculate the heats. 
-------------------------·· -- .. .. . . - . - ·- ··· 
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3.4 Equilibrium distribution studies 
3.4.1 Distribution of water 
3.4.1.1 Experimental procedure 
TBP, cyclohexane and nitric acid were obtained from the same 
sources as given in Section 3.1. 
Solutions were made up by weight or diluted from stack solutions. 
The TBP solutions were pre-equilibrated with equal volwnes · .. of. . pure 
water or with 0. 492 M nitric acid. All solutions were shaken for at 
least thirty minutes and left to settle before sampling by pipette or 
syringe. 
3.4.1.2 Water analysis by gas chromatography 
The detennination of water in non-aqueous phases of solvent 
extraction systems has to date been perfonned almost exclusively by Karl 
116,125,135,313 . . . Fischer titration. · · Tl11s method lS not part1cularly accurate, 
can require rather large water samples, and is inconvenient or 
lillSatisfactory where frequent sampling from a system of a required 
volume is necessary. 
314,315 
However, studies have been carried out on the determination 
by gas chromatography; a technique which is potentially capable of 
overcoming the foregoing objections attributed to the Karl Fischer 
method. The present method has the advantage of rapid determinations, 
and of using low sample volumes. 
The method was based on a porous polymer packu1g, Porpak Q, 
80-100 mesh (obtained from Waters Associates Inc). A GCV chromato-
graph (Pye-Unicam), with dual glass collUllTls of length .150 em and a 
thern1al conductivity detector was used. The heliwn carrier gas, 
--- - - - ------ -
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flow rate 40 ml min- 1 was used without drying. The oven temperature 
1.vas 388 K and filament setting 2, and detector temperature 413 K. 
The Chromatograph output was connected to a scrvoscribe chart recorder. 
The main problem was one of standardisation. An inten1al methanol 
315 
standard as used by Hogan et al was considered suitable for water 
* determinations. Since the solvent in all measurements was ＱＬＴＭ､ｩｯｸ｡ｮ･ ｾ Ｌ＠
a standard water solution in 1 ,4-dioxane, or some other solvent with a 
similar retention time to 1,4-dioxane, seemed desirable. A series of 
injections could then be made before the first 1,4-dioxane or solvent 
peaks appeared. The oven temperature could then be increased to remove 
the sol vent from the coltnnn as rapidly as possible before reducing the 
temperature to start another series of measurements. 
The standards were made up as follows: AR grade 1 ,4-dioxane was 
dried for at least u.vo days with a pre-dried molecular sieve (Bill, 
type 4A, 1/16 inch pellets) in a flask fitted with a 1 Suba-Seal' rubber 
seal. A known volume of water was introduced by syringe into a small 
glass tube which had been oven pre-dried and was also fitted with a 
Suba-Seal. 1,4-Dioxane and methanol were then transferred to the tube 
with a pre-dried syringe. ｾＱ＠ internal stm1dard was chosen to eliminate 
the need for daily area calibrations. The samples (1 111) were injected 
and separation was satisfactory. 
After several preliminary experiments, the standardisation graphs 
shown in Figs. 3.6 and 3.7 were constructed; the nwnerical data is given in 
Tables 3. 23 and 3. 24.· 
* All standard samples were prepared using 1,4-dioxane as the solvent. 
. --- - - - Ｍ ＭＭＭＭＭﾷＭＭＭＭ ﾷ ＭＭＭｾＭＭＭＭＭＭＭ · - - -- -- -- ﾷ ＭＭ ＭＭ Ｍ Ｍ ＭＭｾＭＭ ＭＭ ｾＭ _ ,: __ ｾ ｟＠ ·--- --- - - -
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Typical chromatograms are shown in Figs. 3. 8 and 3. 9. TI1e chroma to-
gram in Fig. 3. 8 was obtained at high concentration of water, and that in 
Fig.3.9 when lower concentrations of water were used. The peak areas 
were obtained by cutting out the recorded peaks and weighting ｾｨ･＠
paper. Since all measurements were comparative, this method proved 
to be satisfactory. 
-1 -1 A plot of peak areas (water/MeOH) against ([HzOJg ｾ＠ /[MeOHJg ｾ＠ ) 
was a straight line with slope and intercept calculated by a least-
squares procedure. From these constants the concentration of water in 
an unknown solution was calculated. A typical calculation of the 
solubility of water [H20] in TBP cyclohexane is presented below: 
Peak areas (water/MeOH)TBP = m([H 2 0]g ｾＭ Ｑ＠ /[MeOH]g ｾＭ Ｑ Ｉｔｂｐ＠ + C (I) 
m, slope of calibration curve 1.0337 
C, intercept of calibration curve = 0.0226 
Peak areas water/.MeOH 0.288 
[MeOH] = 97.75 g ｾＭ Ｑ＠
Hence, substituting these values in Eqn. (I) , the solubility of water 
{H 20] in an organic phase (2 M TBP-cyclohexane pre-equilibrated with 
-1 
aqueous phase) was obtained (25 .14 g ｾ＠ ) . 
An unknown solution witl1 a low concentration of water cannot be 
analysed from the calibration curve (Fig. 3.6), which is used to 
calculate the unknown solution of Ｑｾ｡ｴ･ｲ＠ in the sensitivity range 32, 
because with the change of sensitivity the peak heights were not on 
scale. Consequently another calibration curve was constructed using 
the sensitivity range 4. This is ｳｨｭｾ＠ in Table 3. 24 and Fig. 3. 7. 
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FIG. 3.6 Peak areas water/MeOH as a function of 
· ｫｮｯｾｮ＠ concentration of water/methanol in 
1,4-dioxane 
0.5 
Slope = 1.0337 
Intercept = 0.0226 
-1 -1 g .R. water/g t MeOH 
FIG. 3.7 Peak areas water/MeOH as a function of 
known concentration of water/MeOH in 
1,4-dioxane 
o. 5 
Slope = 1.0025 
Intercept = 0.1354 
-1 -1 g t water/g t MeOH 
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FIG. 3. 8 Chromatogram of 1 lli of samples of 2 M TBP-cyclohexane 
equilibrated with 0.492 M HNOs. 
MeOH as an internal standard 
MeOH 
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FIG. 3.9 Chromatogram of 1 ｾﾣ＠ of samples of 0.5 M TBP-cyclohexane 
equilibrated with water. 
MeOH as an internal standard. 
MeOH 
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3.4.2 Distribution of tri-n-butyl phosphate (TBP) 
3.4.2.1 Experimental procedure 
Tri-n-butylphosphate (TBP), cyclohexane and nitric acid were 
obtained from the same sources as given in Section 3.1. 
The solutions were made up by weight or diluted from stock 
solutions. Equal volumes of the aqueous and organic solutions were 
shaken for 30 minutes. The aqueous phase consisted of standardised 
nitric acid solution in distilled water. The organic phase contained 
TBP at varied, known concentrations in cyclohexane. The mixture was 
separated and the equilibrated aqueous layer (now containing a small 
concentration of dissolved TBP) was then extracted twice with cycle-
hexane. The dissolved TBP originally in the aqueous phase was thus 
removed into cyclohexane. Gas chromatographic analysis for TBP gave 
the concentration of TBP in the cyclohexane, and from this the 
concentration of TBP in the aqueous phase could be detennined. All 
･ａｾ･ｲｩｭ･ｮｴｳ＠ were carried out in duplicate. 
3.4.2.1.1 Apparatus 
The gas chromatographic apparatus was a Perkin-Elmer Model Fll 
fitted with a glass colunm of length 183 em, 3 mm ID and flame 
ionization detector. The stationary phase was 3% OV 210 - 2% OV 225 
50/50 on 01romosorb W-AW-DM::S 80-100 mesh. Operating conditions 
were: 
Column temperature, K 
Injection port ｴｾｭｰ･ｲ｡ｴｵｲ･Ｌ＠ K 
Nitrogen flow, ml per minute 
.. __ - :. -- · ---- -- . -
460 
508 
10 
171 
Hydrogen flow, ml per minute 35 
Air flow, ml per minute 300 
Range 10 & 20 
Sample size, 111 0.3 
01art speed 
3.4.2.2 Tri-n-butyl phosphate (TBP) analysis by gas 
chromatography 
TI1e ､･ｴ･ｾｩｮ｡ｴｩｯｮ＠ of TBP in aqueous phases of solvent extraction 
systems has been performed alJnost exclusively by the cormting of 
32 P-labelled organic phosphate in Geiger-MUller liquid counters,134 
316 
although a gas chromatographic method has been reported. 
In the present work, the main problem was to find a column that 
could give a good separation of TBP in water. Several experiments 
were performed using different ｣ｯｬｵｭｮｾＬｩｮｪ･｣ｴｯｲ＠ and detector 
temperatures, different flo\vrates and different volumes of injection. 
No reasonable separation could be achieved. In order to overcome 
this difficulty, the TBP which was soluble in the aqueous phase was 
extracted with cyclohexane and a sample of the latter was injected. 
This gave a satisfactory separation after several experiments in 
which the best operating conditions were found 
TI1e small size of the sample used in gas chromatography (usually 
a fraction of a micro-litre), makes it difficult to reproduce sample 
voll.Dlles accurately. This was overcome by using an internal standard 
of known concentration and establishing calibration curves. Several 
attempts were made until an internal standard with a suitable 
retention time could be found; n-hexadecane was eventually discovered 
to be a convenient internal standard. 
--------------------------- . ... -- .. ... 
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Typical chromatograms are shown in Figs.3.10 and 3.11. · The 
chromatogram in Fig.3.10was obtained at high concentration of TBP, 
and that in Fig .3 .11 when a lower concentration of TBP was used. 
Peak areas were obtained by cutting out the recorded peaks and 
weighmg the paper. This method is preferred to triangulation and 
height x width at half length, because the peaks were not Gaussian-
h d . 1 317 s ape or symmetrlca . 
Since all measurements were comparative, this method proved to 
be satisfactory. Data for the standard curves (Figs.3.12 and 3.13) 
are given in Tables 3.25 and 3.26. 
Fig.3.12 is .in the sensitivity range 20, which is used to 
calculate the unknmvn solution of TBP in this range. This curve 
could not be used on ｵｮｫｮｯＢｾ＠ solutions with low concentration of 
TBP. Consequently another calibration curve was constructed in the 
sensitivity range 10, and ｾＱｩｳ＠ is shown in Fig.3.13 ru1d Table 3.26. 
A plot of peak areas ＨｔｂｐＯｮｾｨ･ｸ｡､･｣｡ｮ･Ｉ＠ against (TBP g £- 1 / 
n-hexadecane g £- 1 ) was a straight line and slope and intercept were 
calculated by a least-squares procedure. From these constants ti1e 
concentration of TBP which had been removed from the aqueous phase 
to cyclohexane was determined. 
TI1e concentration of TBP which has been removed from the aqueous 
phase to cyclohexane is given in Table 3. 26 and from this result the 
concentration of TBP in the aqueous phase was calculated. The 
results are shown in Table 3.27. 
------- -- ----- ------- -- ----
-- -- ----- --- --- -- ----- --------- ----- ----- - -
FI
G.
 
3.
25
 
Th
e 
c
o
m
po
si
tio
n 
o
f 
th
e 
c
a
li
br
at
io
n 
cu
rv
e 
an
d 
pr
e-
eq
ui
li
br
at
ed
 a
qu
eo
us
 s
o
lu
ti
on
 w
ith
 2
 M
 
o
rg
an
ic
 s
o
lu
ti
on
 
C
al
ib
ra
tio
n 
so
lu
ti
on
s:
 T
BP
 i
n 
cy
cl
oh
ex
an
e;
 n
-h
ex
ad
ec
an
c 
as
 
an
 
in
te
rn
al
 s
ta
nd
ar
d 
TB
P 
Pe
ak
 a
re
a
s 
0.
86
69
 
1.
05
07
 
1.
15
23
 
1.
54
11
 
2.
11
10
 
TB
P 
in
 c
yc
lo
he
xa
ne
 
0.
56
90
 
0.
62
59
 '
0.
71
10
 
0.
85
30
 
1.
13
80
 
g 
.
Q,
-1 
n
-h
ex
ad
ec
an
e 
g 
.
Q,
-1 
0.
23
20
 
0.
23
20
 
0.
23
20
 
0.
23
20
 
0.
23
20
 
*
 
C
al
cu
la
te
d 
v
a
lu
es
 u
si
ng
 a
 
le
as
t 
sq
ua
re
s 
pr
oc
ed
ur
e 
(F
ig
. 3
.1
2)
 
TB
P 
in
 w
a
te
r 
e
x
tr
ac
te
d 
by
 
cy
c1
oh
ex
an
e 
1.
15
22
 * 
0.
69
00
 
o.
 2
32
0 
TB
P 
in
 0
.5
 M
 
HN
03
 e
x
tr
ac
te
d 
by
 c
yc
lo
he
xa
ne
 
0.
98
06
 * 
0.
61
10
 
o.
 2
32
0 
}--
1 
'
-
] 
V-
1 
FI
G.
 3
.2
6 
Th
e 
co
m
po
si
tio
n 
o
f 
th
e 
c
a
li
br
at
io
n 
cu
rv
e 
an
d 
pr
e-
eq
ui
li
br
at
ed
 a
qu
eo
us
 s
o
lu
ti
on
 w
ith
 0
.5
 ·M
 
o
rg
an
ic
 p
ha
se
 
C
al
ib
ra
tio
n 
so
lu
ti
on
s:
 T
BP
 i
n 
cy
cl
oh
ex
an
e;
 n
-h
ex
ad
ec
an
e 
as
 
an
 
in
te
rn
al
 s
ta
nd
ar
d 
TB
P 
Pe
ak
 a
re
a
s 
,
 
,
 
0.
27
4 
0.
38
3 
0.
 73
0 
1.
50
5 
1.
 78
4 
2.
15
1 
2.
 7
20
 
TB
P_
in
 c
yc
1o
he
xa
ne
 
0
-1
 
g 
7v
 
n
-h
ex
ad
ec
an
e 
g 
R,
-1
 
*
 
0.
14
4 
0.
25
0 
0.
40
6 
0.
81
2 
0.
89
4 
1.
01
6 
1.
21
9 
0.
13
2·
 
0.
13
2 
0.
13
2 
0.
13
2 
0.
13
2 
0.
13
2 
0.
13
2 
C
al
cu
la
te
d 
v
a
lu
es
 w
er
e 
ta
ke
n 
fro
m
 t
he
 c
u
rv
e 
in
 F
ig
. 
3.
13
. 
TB
P 
in
 w
a
te
r 
TB
P 
in
 0
.1
 M
 
TB
P 
in
 0
.4
92
 M
 
e
x
tr
ac
te
d 
by
 
I-ll-
.J03
 e
x
tr
ac
te
d 
HN
03
 e
x
tr
ac
te
d 
cy
c1
oh
ex
an
e 
by
 c
yc
1o
he
xa
ne
 
by
 c
yc
1o
he
xa
ne
 
0.
 79
0 
0.
96
0 
0.
76
5 
*
 
*
 
*
 
0.
46
1 
0.
53
0 
0.
45
9 
0.
13
2 
0.
13
2 
0.
13
2 
)--
1 
-
.
.
.
.
.
.
] 
ｾ＠
175 
FIG. 3.10 Chromatogram of TBP in cyclohexane n-hexadecane as an 
internal standard l0.3 ｾｾＩ＠
cyclohexane 
n-hexadecane 
TBP 
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FIG. 3.11 Chromatogram of TBP in cyclohexane n-hexadecane as an 
internal standard (p.3 ｶｾＩ＠
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FIG. 3.12 Peak areas for TBP/n-hexadecane as a function of 
[fBPJ/In-hexadecaneJ 
3.0 
Slope= 0.503 
Inrercept = 0.345 
[TBP)/[n-hexadecane] g }l,- 1 
4.0 5.0 
FIG. 3.13 Peak areas for TBP/n-hexadecane as a function of 
[TBP]/[n-hexadecane] 
[TBPJ/In-hexadecane] g ｾＭ Ｑ＠
5.0 10.0 
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TABLE 3.27 Solubility of TBP in aqueous phase 
TBP in cyclohexane Solubility 
of TBP in 
Aqueous phase aqueous 
-1 
phase 
mol £ volume % -1 g £ 
Water 2.0 54.6 0.1381 
Water 0. 5 13.6 0.0922 
0.1 M HN03 0. 5 13.6 0.0902 
0. 492 M I-IN0 3 2.0 54.6 0.1222 
0. 492 M HNOs 0.5 13.6 0.0786 
3.4.3 The extraction of nitric acid by tri-n-butyl ·phosphate 
3.4.3.1 The system TBP + cyclohexane + H20 + HN0 3 
3.4.3.1.1 Experimental procedure 
All the materials were obtained from the same sources as given 
in Section 3.1. 
Equal volumes of the ｡ｱ･ ﾷ ｯ ｾ ｳ＠ and organic solutions were shaken 
for 30 minutes at 298 K. The aqueous phase consisted of standardized 
nitric acid solution in distilled water. The organic phase contained 
TBP at varied knrnvn concentrations in cyclohexane. 
The mixture was separated and the equilibrated organic layer 
(;now containing a small concentration of dissolved HNOg) was then 
extracted with water. The dissolved HN03 originally in the organic 
phase was thus back-washed to the water. The concentration of HN0 3 
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in the water extract was titrated with standardized sodium hydroxide 
solution, using phenolphthalein as indicator, and from this the 
concentration of nitric acid in the organic phase could be 
determined. Also, the concentration of nitric acid in the aqueous 
solution before and after extraction with an organic phase w.as 
determined by direct titration and the results were compared with the 
calculated values obtained by subtracting the concentration of nitric 
acid in the organic phase from the initial concentration of nitric 
acid in the aqueous phase. Results are shmm in Table 3.28. 
3.4 . .3.2 The system TBP + cyclohexane + H20 + HN03 + 
uo2 (No3) 2 6H20 
3.4.3.2.1 Experimental procedure 
TBP, cyclohexane, nitric acid and uranyl nitrate hexahydrate 
were obtained from ｾＱ･＠ same sources as given in Section 3.1. 
The solutions were made up by weight or diluted from stock 
solutions. Equal volumes of the aqueous and organic solutions were 
shaken for 30 minutes-. The aqueous phase consisted of a known 
weight of uranyl nitrate hexahydrate in standardized nitric acid 
· solution. The organic phase contained TBP at varied knmm. 
concentrations in cyclohexane. TI1e mixture was separated and the 
equilibrated aqueous layer was analysed for nitrate. 
Spectrophotometric analysis for nitrate gave the concentration 
of nitric acid in the organic and aqueous phases. 
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3.4.3.2.1.1 Apparatus 
The Th1icam SP 8000 and SP 3000 spectrophotometers wit1 1 am 
matched quartz cells were used for all absorbance measurements. 
3.4.3.2.1.2 Reagent 
Ferrous sulfate heptahydrate (0.5 g) was dissolved in water 
(25 ml), and concentrated sulphuric acid (75 nil) '"'as added cautiously 
with cooling. These reagents have also been used on a larger scale, 
keeping their ratios constant. 
3.4.3.2.1.3 Procedure 
Varied, known concentrations of nitric acid were prepared from 
ｳｴｾＱ､｡ｲ､ｩｺ･､＠ stock solution. One mJ of each solution, which had a 
maximum concentration of 0.17 M of nitric acid, was withdrav..rn and 
added to the reagent (50 ml) . Ferrous sulphate solution reduces 
nitrate anio11 to nitric oxide in .an acidic medium, and more ferrous 
sulphate then reacts with nitric oxide to give a complex with a 
ｲ･､ＭｰｵＱｾｬ･＠ colour. 
TABLE 3.29 Absorbance of knoWil nitric acid 
solutions 
Absorbance in 510 ml-l [HN03) mol ｾ＠ -1 
0.3366 14.4 X 10- 4 
0.4540 19.2 X 10- 4 
0. 5700 24.1 X 10- 4 
0.6174 26.0 X 10- 4 
0.6880 28.9 X 10- 4 
----------------------------- ---- -
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The molar absorptivity of the iron complex in sulphuric acid was 
calculated from the slope of the line, using a least-squares 
procedure. The results are presented below: 
Slope = molar absorptivity (s) = 
3.4.3.3 Nitrate analysis 
The quantitative detennination of nitrate or nitric acid has 
been extensively reported in the literature, and after several 
. . . . d 1 . . 318 h d f -prellffilnary e:xper1ments a rap1 co orD11etr1c met o or n1trates 
was used. The red-purple colour that develops when ferrous sulphate 
and small amounts of nitrates react in sulphuric acid has been 
reported for quantitative analytical purposes. The method based on 
this reaction uses the Unicam SP 3QCX) spectrophotometer, and stable 
reagents. The colour is stable for several hours, and the method 
is applicable in the presence of hydrolysed species such as the 
uranyl ion. 
A quantitative method for small amounts of nitrates applicable 
to ｳ｡ｮｾｬ･ｳ＠ in high acid concentrations was considered useful for ti1e 
analysis of U02(NOs)2, H20, HN0 3 , TBP, cyclohexane system. Organic 
· phase nitrate concentrations were determined by the difference of 
measurements made on the aqueous phase before and after extraction. 
The partition of nitric acid ｢･｢ｾ･･ｮ＠ water and 0.5 M TBP in 
cyclohexa:ne in the presence of varied, known concentrations of 
uranyl ion, has been determined and the results presented in 
Tables 3.30 - 3,33. 
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3.4.4 Distribution of uranyl nitrate hexru1ydrate and 
temperature effect 
3.4.4.1 Experimental procedure 
All the materials were obtained from the same sources as given 
in Section 3.1. 
TI1e solutions were made up by weight or diluted from stock 
solutions. Equal voltunes of the aqueous and organic solutions '"rere 
shaken for 15 ·minutes by a Rota mixer and left ove1night in a 
thermostatted water bath at various temperatures in the range 298-
333 K to settle before sampling by pipette. TI1e aqueous phase 
consisted of varied, knm>ID concentrations of uranyl nitrate in 
standardized nitric acid solution. The organic phase contained TBP 
at varied, known concentrations in cyclohexane. TI1e equilibrated 
aqueous layer was analysed for uranyl ion. 
Spectrophotometric269 and gravimetric319 analysis for uranyl 
nitrate gave the concentration of uranyl nitrate hexahydrate in 
organic and aqueous phases. 
3.4.4.1.1 Spectrophotometric determination of uraniwn with 
4-(2-pyridylazo)resorcinol (PAR) 
3.4.4.1.2 Apparatus 
The Unicam SP 8000 and SP 3000 spectrophotometers with 1 em 
matched quartz cells were used for all absorbance measurements. 
3.4,4.1.3 Reagents 
A triethanolamine buffer (1 mol Q. -l) was prepared by dissolving 
triethanolamine (149 g) in water (800 ml), neutralizing to pH 8.0 
--------------------------··- ·-···· · ·. 
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with hydrochloric acid and then diluting to 1 litre. 
An aqueous solution of 4-(2-pyridylazo)resorcinol as the 
monosodium hydrogen salt (0.20%) was prepared by dissolving PAR 
(0.2 g) in water (100 ｾＩＮ＠
3.4.4.1.4 Procedure 
An aliquot of the faintly acid sample solution, containing less 
than 300 l-!g of uranium was withdrawn into a 50 ml volumetric flask. 
Triethanolamine buffer (25 ｾＩＬ｡ｮ､＠ aqueous PAR (2.00 ml, 0.20%) 
were added and Eliluted to volume. 
Uranium forms a red 1:1 complex with PAR, which has a maximum 
absorbance at 530 nm . The optical densities of standard 
solutions were measured with the reagent blank solution as reference. 
Typical results are shown in Table 3. 34. 
TABLE 3. 34 Absorbance of known uranyl nitrate 
hexahydrate 
U02(N03)26H20 Optical density 
-1 at 530nm 
mol 2 (SP 3000) 
117.3 X 10- 8 0.088 
396.0 X 10- 8 0.145 
495.1 X 10- 8 0.180 
792.2 x 10- 8 0.302 
990.2 X 10- 8 0.374 
1237.8 X 10- 8 0.472 
1980.5 X 10- 8 0. 767 
2475.5 X 10- 8 0.972 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＮＮＮＭＭＭＭＭＭＭｾＭ .. ·- .... 
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The molar absorptivity of the PAR-uranyl complex in triethanol-
amine buffer of pH 8.0 was calculated from the slope of the line 
using a least-squares procedure. The results are presented below: 
Sl 1 b t . •t ( ) 39770 n mol-l an- 1 ope = mo ar a sorp lVl y E · = N 
Correlation coefficient 0.999 
3.4.4.2 Uranyl ion analysis 
The determination of uranyl ion quantitatively has been 
extensively reported in the literature, and after several preliminary 
experiments a spectrophotometric method for small amoilllts of uranyl 
nitrate m1d a gravimetric method (detennination of uranium with 
oxine) for large amounts of uranyl ion was used. 
The partition of uranyl nitrate between standardized nitric acid 
and TBP at varied, known concentrations in cyclohexane has been 
detennined. Organic phase uranyl ion concentrations were detennined 
by the difference of measurements . made on the aqueous phase before 
and after extraction. TI1e distributions ratios (Du for uranium in 
TBP) were calculated as: 
[U] ini t - [U] aq 
[U] aq 
[U]ora 
b 
[U]aq 
where [U]. .t represents the initial aqueous concentration of uranium 
illl 
and [U]aq represents ti1e equilibrium aqueous concentration of uranium. 
TI1e results are given in Chapter 2, Section 2.3.1.3, Tables 2.27-2.29. 
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